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The aims of this thesis are to gain knowledge on genetic architecture of complex traits 
and on fine-scale structure of recombination rate variation in pigs.  
The first part of this thesis presents a genome-wide scan for quantitative trait loci 
(QTL) in a cross between White Duroc boars and Erhualian sows that was developed at 
Jiangxi Agricultural University (JXAU) in China. The mapping population comprised 
750-1030 F2 individuals that were evaluated for a total of 80 traits related to carcass 
composition (17 traits), meat quality (58 traits) and ear traits (5 traits). In total, we 
identified 253 QTL for these traits, of which about half reached genome-wide 
significance level. Numerous QTL for these traits have been found on porcine 
chromosomes 4, 7, 8 and X. The greatest significance levels were found for a QTL 
affecting carcass length, head weight and ear weight on SSC7 in an interval of 3 cM 
(SW1856-S0666), which explained up to 50% of the phenotypic variance. White Duroc 
alleles at a majority of QTL detected were favorable for carcass composition, while 
favorable QTL alleles for meat quality originated from both White Duroc and Erhualian.  
INRA performed a genome scan to reveal QTL in a Large White × Meishan cross 8 
years ago. Coincidently, both INRA and JXAU mapped strong QTL for fatness and 
muscling traits in a similar region of the porcine chromosome X (SSCX). Thus, both 
sides wished to collaborate to fine map the QTL. The second part of this thesis presents 
this collaborative work.   
At first, we studied the differences in the recombination rate along the SSCX. This 
chromosome simultaneously contains an unusually large recombination coldspot (~32 
Mb and <0.4 cM) nearby the centromere and several other regions of high recombination 
rate. As a result, the SSC-X still has recombination rate a bit higher than the global level 
of pig genome (~1.27 cM/Mb vs. ~0.92 cM/Mb both from female-specific map). In 
addition, this study identified, for the first time, fine-scale recombination rate 
heterogeneity among pig females. The most significant difference was observed in the 
marker interval UMNP891-UMNP93 (~5 Mb), where recombination fractions could 
range from 0 to 13.9%. In this interval, we also found a significant association between 
the levels of recombination rate and the Asian haplotypes received by the F1 pig females 
from their mothers.  
After that, we reanalyzed the QTL for backfat thickness (BFT) and ham weight (HW) 
on SSCX in both INRA and JXAU populations, using high-density linkage map. The 
QTL analyses performed for each population and joint population indicate that: 1) the 
HW QTL proximal to the centromere was common to the two populations; 2) two or 
more linked QTL influenced BFT; 3) alleles of both BFT and HW QTL were segregating 
in Meishan breed. Most part of the recombination coldspot (~30 Mb) was excluded from 
candidate region through haplotype analysis. The polymorphisms of the ACSL4 gene 
were significantly associated with BFT and HW phenotypes of these two populations, but 





Les buts de cette thèse étaient l'acquisition de connaissances sur l'architecture génétique 
de caractères complexes et l'étude de la variabilité des taux de recombinaison chez le porc. 
La première partie de cette thèse présente une analyse sur l'ensemble du génome des 
locus influençant des caractères quantitatifs (QTL) au sein de croisements F2 entre des 
verrats de race Duroc blanc et des truies Erhulian, protocole développé en Chine à 
l'université d'agriculture du Jiangxi (JXAU). La population étudiée dans le cadre de cette 
thèse regroupe de 750 à 1030 animaux F2 mesurés sur 80 caractères concernant la 
composition de la carcasse (17 caractères), la qualité de la viande (58 caractères) et les 
caractères morphologiques des oreilles (5 caractères). Au total nous avons identifié 253 
QTL pour ces caractères, dont la moitié est significatif au niveau du génome entier. Les 
chromosomes rassemblant le plus de QTL pour ces caractères sont les chromosomes 4, 7, 
8 & X. Les niveaux de signification les plus élevés sont observés pour un (ou des) QTL 
affectant la longueur de carcasse, le poids de la tête et le poids des oreilles situé au sein 
d'un intervalle de 3 cM situé sur le chromosome 7 (Sw1856-S0066) expliquant jusqu'à 50 
% de la variance phénotypique. L'allèle Duroc blanc étant l'allèle favorable pour une 
majorité des QTL affectant la composition de la carcasse, tandis que les allèles favorables 
pour la qualité de la viande présentent des origines tantôt asiatique tantôt européenne. 
L'INRA avait réalisé il y a près de 20 ans un programme de détection de QTL entre 
animaux Large White & Meishan. La localisation parallèle sur le chromosome X de QTL 
influençant l'engraissement et la muscularité des animaux  au sein des pédigrées français 
et chinois nous a amené a travaillé sur la cartographie fine de ce(s) QTL qui a été 
développée dans la deuxième partie de cette thèse réalisée en cotutelle. 
Dans un premier temps afin de préciser la position du QTL située sur le chromosome 
X, nous avons étudié les variations de taux de recombinaison entre différentes régions du 
chromosome ainsi que les variations inter individuelles. Ce chromosome contient à la fois 
une longue région froide de recombinaison (32 Mb pour moins de 0.4 cM) proche du 
centromère, ainsi que plusieurs régions chaudes de recombinaison. Globalement, le 
chromosome X présente un taux moyen de recombinaison par unité de longueur un peu 
supérieur à la moyenne du génome (1.27 cM/Mb au lieu de 0.92 cM/ Mb sur les cartes 
femelles). De plus, cette étude nous a permis d'identifier pour la première fois chez le 
porc une variation du taux de recombinaison observée entre femelles. La différence la 
plus forte est mise en évidence sur l'intervalle UMNp891-UMNp93 (5 Mb) avec des taux 
allant de moins de 1 cM à 14 cM entre femelles, cette différence pouvant être reliée aux 
haplotypes grand maternel d'origine chinoise portés par les femelles. 
Finalement, nous avons réalisé une analyse conjointe des QTL influençant le gras de 
couverture (ELD) et poids de jambon (PJ) sur les pédigrées chinois et français, après 
densification de la carte génétique. Les analyses QTL réalisées sur chaque population ou 
conjointement montrent que : 1) le QTL du poids de jambon cartographié proche du 
centromère semble commun aux deux populations, 2) au moins deux QTL liés 
influencent l'engraissement. Des analyses complémentaires regroupant les femelles INRA 
porteuses des mêmes haplotypes suggèrent que les QTL affectant ELD et PJ ségrègent au 
sein des populations Meishan. La majeure partie du point froid de recombinaison (~ 30  
 Mb) peut être exclu de la région candidate suite à une analyse haplotypique. Des 
polymorphismes associés au gène candidat ACSL4 ont été montrés associés aux niveaux 
de caractères ELD et PJ au sein des deux populations, même si une analyse haplotypique 
a montré qu''ils pouvaient être exclus en tant que mutations candidates. 
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ACSL4 Acyl-CoA synthetase long-chain family member 4 
AFLP  Amplified fragment length polymorphisms 
AIL  Advanced intercross lines 
AR  Androgen receptor 
BAC   Bacterial artificial chromosome 
BFT  Backfat thickness 
BTA  Bos Taurus chromosome 
CI  Confidence interval 
eQTL  Expression quantitative trait locus 
ER  Chinese Erhualian pigs 
ESR  Estrogen receptor 
FISH   Fluorescence in situ hybridization 
FUT1  Fucosyltransferase 1 
GWAS Genome-wide association studies 
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IGF2  Insulin-like growth factor 2 
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IMpRH Porcine radiation hybrid panel 
INRA  The French National Institute for Agricultural Research 
IRS4  Insulin receptor substrate 4 
JXAU  Jiangxi Agricultural University, P.R.China 
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MC4R  Melanocortin 4 receptor 
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QTG  Quantitative trait gene 
QTL   Quantitative trait locus 
QTN   Quantitative trait nucleotide 
RBP4  Retinol binding protein 4 
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RYR1  Ryanodine receptor 1 
SERPINA7 Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), 
member 7 
SGSC  Swine Genome Sequencing Consortium 
SLA  Swine leukocyte antigen 
SM  Semimembranosus muscle (SM) 
SNP  Single nuclotide polymorphism 
SSC  Sus scrofa chromosome 











 The pig was most likely one of the first animals to be domesticated more than 9,000 years 
ago (Rothschild et al. 2007). It not only provides the major resource of meat consumed 
(43%) worldwide (Rothschild et al. 1998), but also serves as an important biomedical 
model for human (Lunney 2007). It is known that most of biological traits and common 
diseases in animals and humans have a multifactorial (or complex) inheritance, which 
indicates that they are influenced by numerous genes and environmental factors. A 
chromosomal region that contains one or more genes that influence a multifactorial trait 
is known as quantitative trait loci (QTL) (Andersson & Georges 2004). A significant 
number of QTL mapping programmes have been developed in the pig for last decades 
(Bidanel & Rothschild, 2002). The ultimate goal of mapping QTL in pigs is to identify 
the casual genes and nucleotides (QTG or QTN) underlying QTL.    
The strategy to identify genes that are responsible for quantitative trait is: (1) to map 
QTL by the analysis of markers covering the genome on large families of animals 
phenotyped for the studied traits; (2) to fine map the QTL; (3) to identify candidate genes 
in the QTL region; (4) to identify putative gene mutations underlying the QTL (5) to 
establish a causal link between the genetic trait and the candidate genes (mutations) from 
functional evidence. The tools for QTL mapping include integrated genetic and physical 
maps, mapping population, markers, statistical methods, comparative gene mapping and 
whole-genome gene expression (Burt & Hocking 2002). 
 
1. Integrated Genetic and Physical Map 
The genome of the pig (Sus scrofa) comprises 18 autosomes, with X and Y sex 
chromosomes. The genome size is roughly similar to that of human and is estimated at 
2.7 Gb (http://www.sanger.ac.uk/Projects/S_scrofa/). Over the past decade tremendous 
progress has been made in mapping and characterizing the swine genome. Currently, 
there is a linkage map of nearly 5000 genetic loci including several hundred genes, 
microsatellites and amplified fragment length polymorphisms (AFLP) markers and single 
nucleotide polymorphism (SNP) markers (Rothschild 2004; http://www.thearkdb.org/). 
Additionally, physical mapping methods such as somatic cell hybrid analysis, in situ 
hybridization, and ZOO-FISH have been employed to enrich Type I marker map, and to 
perform comparative analysis with map-rich species such as the human and mouse. 
Furthermore, whole-genome radiation hybrid panels (7000-rad IMpRH and 12000-rad 
IMpRH2) have been generated for swine (Hawken et al. 1999), resulting in yet another 
rapid increase in the number of genes and markers (>4000, to date) with other species 
(Schook et al. 2005; Rothschild 2004). The pig genome sequencing began in part when a 
Sino-Danish project was initiated several years ago. It has generated a resource of 3.8 
million shotgun reads (0.66 coverage) and approximately 1 million EST sequences 
(http://www.piggenome.dk/). To have excellent sequence, a 6X copy of sequence is 
needed and thus new effort has been initiated by the Swine Genome Sequencing 
Consortium (SGSC) in order to realize the goal (http://piggenome.org/index.php). 
Recently, SGSC (Humphray et al. 2007) reported the construction of the most highly 
continuous bacterial artificial chromosome (BAC) map of any mammalian genome, for 
the pig (Sus scrofa domestica) genome. The map provides a template for the generation 
and assembly of high-quality anchored sequence across the genome. The physical map 
integrates previous landmark maps with restriction fingerprints and BAC end sequences 
 
Chapter 1 - general introduction
2
 from over 260,000 BACs derived from 4 BAC libraries and takes advantage of 
alignments to the human genome to improve the continuity and local ordering of the 
clone contigs.  
 
2. QTL Analyses 
2.1 Preliminary mapping of QTL  
The first step in any QTL mapping experiment is to establish a mapping population, 
where QTL affecting a trait are segregating. Typically, F1 animals are generated by 
crossing breeds that are highly divergent for the traits of interest, and the F1 animals are 
then either intercrossed (F2) or backcrossed (BC) to one of the parental lines. Although 
the BC design may provide more detection and resolution power when pursuing specific 
QTL (e.g., QTL with dominance and BC to the recessive line), in most circumstances the 
F2 design is preferred because of its polyvalence (Darvasi et al. 1998; Georges 2007).    
QTL linkage mapping should be carried out in a structured pedigree to obtain 
association between putative QTL and genetic markers. At a basic level, genetic markers 
dispersed throughout the genome are genotyped for individuals within a population, 
which have also been characterized at a phenotypic level. If a genetic marker is more 
closely linked with a QTL, marker alleles and QTL alleles may be more likely co-
transmitted (i.e. be in full linkage disequilibrium (LD)) across generations within the 
population, and an association between marker genotype and trait variation can be 
detected if the power in the experiment is sufficient.  
With the analysis of multiple markers, the most likely QTL location can be 
determined by interval mapping (Haley et al. 1994). Interval mapping method was first 
described by Lander and Botstein (1989) for inbred line crosses and later modified by 
Haley et al. (1994) for analyzing outbred line crosses. This method uses a genetic linkage 
map as a framework to locate QTL. The position and genetic effect of a QTL can be 
estimated using maximum likelihood (ML) as originally proposed by Lander and 
Botstein or with regression-based methods developed by Haley and co-workers. In the 
regression-based approach (Figure 1), coefficients of a putative QTL genotype (QQ, Qq, 
qq) at every preset position in the genome (e.g. every 1 cM), are calculated for every F2 
individual using the probabilities of inheriting the allele from any of its grandparents. The 
phenotypic values are then regressed onto the coefficients and an F-statistic value 
calculated. The additive and dominance effects are estimated using ordinary least squares. 
The additive effect is defined as the estimated phenotypic difference between individuals 
homozygous for one of the QTL alleles (QQ or qq) compared with the mean of the two 
homozygotes ((QQ+qq)/2). The dominance effect is defined as the phenotypic difference 
of the heterozygotes (Qq) compared with the mean of the two homozygotes ((QQ+qq)/2). 
Environmental or other factors known to affect the trait can be included in the statistical 
model. The inclusion of environmental factors in the statistical model reduces the 
residual error variance, which in turn both increases the power to detect QTLs and the 
accuracy of the estimate of QTL effects. A clear advantage of using an outbred line cross 
is that it also enables the estimation of a parent-of-origin effect (imprinting), provided 
that it is possible to distinguish if the QTL allele is transmitted from the paternal or 
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 maternal F1 parent (e.g. Qpat/qmat or qpat/Qmat). If a parent-of-origin effect is detected, 





Figure 1. Principles of quantitative trait loci (QTL) interval mapping using linear regression (LR) 
illustrated for an F2 cross. An F2 population is generated by intercrossing “blue” and “red” parental strains 
differing for a phenotype of interest. The F2 population is genotyped with a battery of genetic markers 
covering the genome at regular intervals of ~10 centiMorgans (cM), shown as colored bars on the 
chromosomes of the F2 individuals. Marker intervals are “interrogated” successively (black arrows) for the 
presence of a QTL. For each interval, and for each F2 individual, one computes the probability that the 
individual is homozygous “red-red” (PRR), heterozygous “red-blue” (PRB), or homozygous “blue-blue” 
(PBB), using the observable genotypes at flanking marker loci. The additive effect of a given interval on the 
phenotype is estimated by regressing the phenotypes on PRR – PBB, as shown in the panels on the right. In 
the absence of a QTL in the tested interval (e.g., interval 1), the regression coefficient does not deviate 
significantly from 0. (figure adopted from Georges 2007) 
 
A backcross or F2 intercross between inbred lines is a powerful tool for mapping 
QTL as both QTL and marker alleles are fixed for different variants in the parental lines. 
The resulting F1 offspring from line crosses are heterozygous for marker and QTL alleles 
and have a known linkage phase. Analyzing crosses between divergent outbred lines is 
complicated by the fact that the degree of homozygosity at QTL and marker loci is 
unknown. In these cases, it is often assumed that QTL are fixed for alternative alleles in 
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 the outbred parental lines during the analysis. This is a reasonable assumption if the 
parental lines have been selected for different purposes over multiple generations [Haley 
& Andersson 1997]. This may not necessarily the case for pig and thus will negatively 
influence the power to detect QTL (Haley et al. 1994).  
 
2.2 Fine-mapping of QTL  
The confidence interval (CI) for QTL location can be determined by the parametric 
bootstrap (Visscher et al. 1996) or one-LOD drop-off method (Lander & Botstein 1989). 
The initial mapping resolution in a typical F2 QTL experiment is low and the CIs for the 
Q TL locations usually span 20-40 cM, corresponding in mammals to hundreds of genes. 
Thus, fine-mapping strategies should be applied to narrow down the CIs. 
2.2.1 Increasing the marker density 
The more markers one has, the smaller the average interval size and, thus, the higher the 
map resolution (Georges 2007). Developing markers that target specific regions will be 
no more a difficult task in the near future, due to the availability of the nearly complete 
genome sequences of the major domestic species including the pig and of continuous 
collection of millions of SNPs.  
2.2.2 Increasing the number of crossover events 
Indeed, recombinant chromosomes are the only ones that provide mapping information. 
Both current and historical recombinants are useful. 
(1) New recombinants 
The most straightforward approach to increase crossover events is to generate additional 
animals. However, the number of F2 or BC offspring required to bring the mapping 
resolution of a typical QTL down to 5 cM or less is ~5000 (Darvasi 1998), as the 
probability for an individual to be recombinant in the interval of interest decreases with 
the size of the interval and many such individuals are needed to compensate for the poor 
QTL detectance. Obviously, this is a hardly viable proposition when working with pigs.  
One approach to overcome the limited power of individual population studies is to 
combine data from different populations (Walling et al. 2000; Kim et al. 2005; Pérez-
Enciso et al. 2005). The feasibility and power of this approach was demonstrated by 
Walling et al. (2000) in a joint analysis of seven independent, divergent F2 crosses 
between a Western commercial breed and either the Meishan or European Wild Boar to 
detect QTL for birth weight, backfat, and growth rate on chromosome 4. In theory, joint 
analysis offers considerable potential to extract additional information from the data. For 
example, joint analysis of two or more similar populations could lead to more power to 
detect QTL not found in any individual study or could be used to confirm the presence of 
QTL detected in only one population. Joint analysis could potentially lead to more 
precise estimates of the effects and location of a common QTL and could be used to 
examine differences in QTL effects in different populations. In practice, however, there is 
a number of problems to solve before joint analyses can be performed. For example, 
different markers may be used in different populations, the individuals are reared in 
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 different environments and with different testing regimes, and recording of traits may 
differ between studies.  
One alternative approach is to work with advanced intercross lines (AILs) that are 
produced by repeated intercrossing of individuals from F2 and subsequent generations 
(Darvasi 1998). Using AIL, the CI for the QTL is reduced by a factor of  ~2/n when 
compared with an F2 population of the same size, where n is the number of generations 
of intercrossing that characterize the AIL.  
(2) Historical recombinants.  
Riquet et al. (1999) postulated that the QTL polymorphism is fequently due to a single 
mutation that occurred in a specific individual. In this case, all individuals carrying the 
mutant allele will be descendants of the original mutant, and all individuals with the 
mutant allele will also share a common haplotype bracketing the QTL. Because of 
recombinations in the following generations, the original haplotype surrounding QTL 
will be shortened. Thus, a critical QTL region can be determined as the smallest 
haplotype that is shared identical by descent (IBD) among individuals carrying the 
mutant QTL allele. The basic principle of this approach outlined in figure 2. However,  
 
 
Figure 2 Identical-by-descent mapping. Assume that the quantitative trait locus (QTL) allele Q2 originates 
by mutation from allele Q1 at generation 0. There will be a complete linkage disequilibrium between Q2 
and alleles at all other loci in the first gamete carrying Q2. This linkage disequilibrium will then gradually 
decay through each generation owing to recombination, but linkage disequilibrium will persist for closely 
linked loci. At generation n a sample of chromosomes are collected and classified (Q1 or Q2) by 
segregation analysis. Genetic markers and sequence analysis are then used to define the minimum 
haplotype that is shared identical by descent among animals carrying Q2 (indicated by the yellow bar). 
(Figure adopted from Andersson & Georges 2004) 
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 there will be no common IBD haplotype harboring QTL if two situations happened: 1) 
the mutation occurred more than once in animals carrying different original haplotypes; 2) 
if the mutation is ancient and additional mutations occurred later in progeny of the 
common ancestor (Ron & Weller 2007). This was apparently the case for the milk QTL 
on BTA14 (Bos Taurus, chr14), and originally led to incorrect determination of the 
critical QTL region (Requet et al. 1999; Farnir et al. 2002).   
2.2.3 Increasing QTL detectance 
The ability to position a QTL with respect to crossover breakpoints depends on the 
accuracy in inferring the QTL allele carried by the corresponding recombinant 
chromosomes or the QTL detectance (Weiss & Terwilliger 2000). Locus-specific 
progeny testing or marker-assisted segregation analysis (MASA) are often used for this 
purpose. Some Q or q-bearing chromosomes can probably be deduced by the segregation 
of phenotypes and genotypes tested in progeny.  This step combined with haplotype 
sharing is very instrumental in the positional identification of QTN influencing muscle 
content on SSC2 (Sus scrofa, chr2) and milk composition on BTA14 and BTA6 (Georges 
2007).  
 
2.3 Statistical models 
A variety of statistical models (listed below) for QTL detection in livestock have been 
proposed, depending on the different hypotheses about parameters, including gene allele 
frequency within breeds, the mode of gene action (dominance, additive or imprinting), 
the gene-gene, gene-environment and gene-sex interactions, the number of linked genes 
affecting a trait, and pleiotropism. The better or best-fitting model is usually estimated by 
likelihood-ratio test between the hypotheses. Sometimes, the combined use of different 
QTL models provides more insight into the number, location and genetic nature of QTL 
than only using a single model (de Koning et al. 1999).  
 
2.3.1 Line-cross model vs. half-sib model 
The line-cross analysis is very powerful when the QTL alleles are unique for the founder 
lines and when QTL effects are of a dominant nature. When a founder line is not 
completely fixed for a line-specific allele of a biallelic QTL, the estimated effects under 
the line-cross analysis are a function of the true allelic effects and the allele frequency in 
the founder lines (Alfonso and Haley 1998). The estimated allele substitution effect and 
the test statistic for the individual families from the half-sib analysis provide more insight 
into the real effect and frequency of a line-specific allele. The half-sib approach has 
similar power as the line-cross approach when QTL effects are mainly additive; and it is 
particularly useful to detect QTL for which the founder lines carry similar or identical 
alleles (de Koning et al. 1999).  
2.3.2 Mendelian model vs. imprinting model 
Knott et al. (1998) were the first to search for the imprinted QTL in a swine genome scan. 
They inferred imprinting when effects differed significantly from Mendelian expression. 
Jeon et al. (1999) and Nezer et al. (1999) found paternal expression for muscularity in the 
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 IGF2 region of chromosome 2 in pigs. Nevertheless, current approach for mapping 
imprinted QTL remains challenging, because spurious detection of pseudo-imprinting 
would resulte from linkage disequilibrium existing between marker loci, non-fixed QTL 
and maternal effects (Sandor & Georges 2008; Hager et al. 2008). 
2.3.3 General model vs. interaction model 
The most frequently used statistical methods for genetic analysis of experimental crosses 
only model the marginal genetic effects (additive/dominance) of individual loci, thus 
ignoring interactions between QTL (epistasis). Epistasis has been considered in several 
studies, and then either by testing for epistasis between QTL detected by their marginal 
effects (e.g., Chase et al. 1997) or by using one-dimensional searches with an epistatic 
model, while including markers to control background genetic effects (e.g., Fijneman et 
al. 1996). Epistasis has also been evaluated experimentally in livestock and found to be 
an important contributor to variation in quantitative traits and the remarkable selection 
response (Mackay 2001; Carlborg et al. 2003; Wahlberg et al. 2009). Stinckens et al. 
(2007) reported that there were interactions between the genotypes of the RYR1 and IGF2 
QTN on IGF2 expression.  
It has been recognized that QTL effects vary between sex and environment. Sex- or 
environment-specific QTL were found to affect growth, morphological and physiological 
traits, or susceptibility to different diseases in many species (Zhao et al. 2004). 
2.3.4 Single-QTL model vs. multiple-QTL model 
A maximum-likelihood method using a multiple QTL model to simultaneously map 
multiple QTL was proposed by Kao et al. (1999). From the wide range of scenarios 
studied, Kao (2000) concluded that especially when QTL are linked, regression interval 
mapping as compared to multiple interval mapping may be less powerful, particularly if 
these QTL are in repulsion. It is known that, in comparison with a monogenetic 
background, a reliable and accurate estimation of QTL positions and QTL effects of 
multiple QTL in a linkage group requires much more information from the data, and that 
even the analyses of relatively large data sets can lead to estimates with relatively large 
standard errors (Mayer et al. 2004).  
2.3.5 Single- trait model vs. multi-trait model 
Most QTL detection studies comprise phenotypic data on multiple traits. Joint use of data 
from multiple traits in QTL analysis has two advantages: increased power and testing of 
models regarding the genetic correlation between two traits (linked QTL vs. pleiotropic 
QTL). Different multitrait QTL detection methods have been developed and their power 
and accuracy of estimation of position and QTL effects were compared by Gilbert & Le 
Roy (2003). Using multiple-QTL and multiple trait models, Gilbert et al. (2007) found 
that there were at least four regions on SSC7 that preferentially affect one or the other 
fatness trait (include BFT, backfat weight, leaf fat weight and IMF), with the SLA region 
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 3. Candidate Gene Identification 
Once a QTL has been defined, the next step is to identify candidate genes for the genetic 
traits. Generally, we need to find out all candidate genes which have been mapped to the 
region of interest with a function appropriate to the target trait. However, physical maps 
containing all the porcine genes are still not available.  Therefore, comparative gene 
mapping between pig and human or other species is a possible solution to predict genes 
expected on a given interval of the porcine genome. Once the primary candidate gene(s) 
for the QTL has been selected, the next problem is to establish a causal relationship 
between the gene(s) and the trait under study. This problem is complex but it could be 
solved by the following tests: 1) associations analyses between specific candidate gene 
alleles and the phenotype; 2) estimate whether mutation possibly cause alteration of 
protein function or motif, gene-regulatory motif, splicing site, microRNA target site and 
etc.; 3) identify the conservation of the motif across species; 4) the gene expression 
pattern in organs or during developmental stages related to the trait; 5) studies of knock-
outs, mutations or transgenics in other species.  
 
4. QTL Mapping and Candidate Gene Studies in the Pig 
Generally, the early pig QTL scans used families developed by crossing European wild 
boar with a commercial breed or crossing the exotic Chinese Meishan breed with a 
commercial breed (Rothschild et al. 2007). The first such QTL that was discovered was a 
major locus (named as FAT1) for fat deposition on SSC4 (Andersson et al. 1994; 
Marklund et al. 1999). Such scans generally used 300 to 1000 pigs that were usually 
produced in a F2 design. Recently, researchers have used two commercial breeds for F2 
families or large commercial synthetic lines for candidate gene studies and large scale 
SNP association analyses. Bidanel & Rothschild (2002) have reviewed QTL results in 
great detail. All publicly available QTL on pig are now available from a useful database 
called PigQTLdb (http://www.animalgenome.org/QTLdb/pig.html). The database and its 
peripheral tools make it possible to compare, confirm and locate on pig chromosomes the 
most reliable location for genes responsible for quantitative trait important to pig 
production. The current release of the PigQTLdb contains 1,831 QTLs from 113 
publications, concerning 316 different traits.  
Candidate genes analyses have been employed to investigate a variety of traits. 
Significant associations have been demonstrated for litter size (ESR, PRLR, RBP4), 
growth (MC4R), meat quality (RYR1, PRKAG3), disease resistance (FUT1, SLA, NRAMP) 
and coat color (KIT, MC1R) (Bidanel & Rothschild 2002). However, so far the causal 
roles of only 3 genes (RYR1, PRKAG3, IGF2) have been demonstrated in the pig and 
their QTN mutations were revealed (Andersson 2009). The missense mutations R615C 
and R255Q respectively in RYR1 and PRKAG3 are both associated with lower pH in meat 
and higher lean content, but they were first identified because they also control a 
monogenic trait: a recessive disorder malignant hyperthermia (Fujii et al. 1991) in pigs 
and high glycogen content in skeletal muscle of Hampshire breed (Milan et al. 2000), 
respectively. A regulatory mutation g.3072G>A in intron 3 of IGF2 is the QTN 
underlying a major QTL for postnatal muscle growth in the pig (Van Laere et al. 2003).  
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 4.1 Present mapping populations  
To reveal large number of swine QTLs, INRA and JXAU constructed their own large-
scale (>1000) F2 crosses: Large White× Meishan and White Duroc × Erhualian, 
respectively. White Duroc is a result of crossbreeding the Duroc with Large White or 
Landrace breeds. Large White and Duroc are utilized worldwide as sire breeds because of 
the breeds’ propensity towards leanness and fast growth. Meat quality is more favorable 
for White Duroc boars than Large White. Animals sired by White Duroc boars tended to 
be heavier and leaner than those sired by large White, Landrace or Duroc boars; 
intramuscular fat but not belly fat was correspondingly lower, while tenderness was 
generally consistent with that of the Duroc progeny (Buntera et al. 2008). Chinese 
Erhualian and Meishan pigs are two subpopulations of the Taihu breed, which are well 
known for early maturity, prolificacy, good maternity and many desirable respects of 
meat quality, but have lower growth rate, excessive carcass fat and less carcass dressing 
percentage compared with White Duroc and Large White pigs. Both Erhualian and White 
Duroc are first chosen as founder breeds of a QTL mapping population.  
It is reasonable to believe that there are genetic relationships between White Duroc 
and Large White and between Erhualian and Meishan. Therefore, many traits in the two 
F2 crosses are very likely influenced by some common QTLs, in particular, the 
repeatedly detected major QTLs for fatness on SSC4, 7 and X. The fine mapping studies 
of SSC4 and 7 QTL have been performed (Demeure et al. 2005; Berg et al. 2006), while 
such research work on SSCX QTL has not been initiated or so far reported.  
 
4.2 Fatness QTL on SSC X  
A significant QTL affecting backfat thickness (BFT), intramuscular fat content (IMF) and 
muscling traits have been detected on the SSCX chromosome segment flanked by 
microsatellites SW2456 and SW1943 (Figure 3) in several Meishan × Western breed 
pedigrees (Knott et al. 1998; Rohrer & Keele 1998; Harlizius et al. 2000; Rohrer 2000; 
Bidanel et al. 2001; De Koning et al. 2001; Milan et al. 2002; Sato et al. 2003). In the 
INRA QTL experiment, the QTL effects explain 36 and 41% of phenotypic variance of 
loin and backfat weight, respectively (Milan et al. 2002); while the size of phenotypic 
effect of the QTL estimated in other pedigrees is only about 10%. Analyses of QTL on 
SSCX encompassing six breeds (wild boar, Large White, Landrace, Meishan, Iberian and 
Pietrain) and five different crosses (Bidanel et al. 2001; Milan et al. 2002; Pérez-Enciso 
et al. 2002; Geldermann et al. 2003) with almost 3000 genotyped individuals showed the 
most prominent QTL for fatness, which is of Asian origin, due to the presence of QTL 
only in three crosses involved Meishan. Furthermore, a distinct QTL for ham weight 
segregating between Large White and the rest of the breeds, and a locus segregating 
between Iberian and Landrace affecting live weight were found (Pérez-Enciso et al. 
2005). Interestingly, a recent QTL study (Guo et al. 2008) performed in two F2 crosses 
between Large White and Meishan at the Roslin Institute demonstrated that the SSCX 
QTL for backfat seems to be absent in one population. The reason for this uncommon 
result is not clear.  
This QTL region encompasses a chromosome block that displays a low genetic 
recombination rate (Rohrer et al. 2001; McCoard et al. 2002) and contains AR, 
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 SERPINA7, ACSL4 and IRS4 as candidate genes. Recently, a QTL analysis performed in 
a wild boar × Meishan F2 family with high-density of gene map of SSCX showed the 
peak of QTL affecting fat deposition traits and muscling traits near a candidate gene 
ACSL4 (Cepica et al. 2007).  In mammals, long-chain acyl-CoA synthetase (ACSL) plays 
a key role in the metabolism of fatty acids and thus in the energy balance of the organism. 
The porcine ACSL4 gene was mapped from SW1426 using the IMpRH panel (Mercadé et 
al. 2005). Mercadé et al. (2006) have reported the associations of ACSL4 polymorphisms 
with growth and percentage of oleic fatty acid in an Iberian × Landrace cross. However, 
they couldn’t assess the gene effect on backfat because of the absence of QTL 
segregation in this cross. 
 
Figure 3 Genomic region for fatness traits on the porcine chromosome X. The confidence interval of 
consistently evidenced QTL is indicated by blue vertical bar. The map display was based on the USDA-
MARC Swine Genome Map (http://www.genome.iastate.edu/maps/marcmap.html).  
 
5. Genetic Recombination  
Genetic recombination is the process by which a strand of DNA is broken and then joined 
to a different DNA molecule. In eukaryotes recombination commonly occurs during 
meiosis as chromosomal crossover between paired chromosomes. This process leads to 
offspring having different combinations of genes from their parents and can produce new 
chimeric haplotype (Figure 4). When linkage phase (it describes the configuration of 
alleles at a pair of heterozygous loci on homologous chromosomes in a single parent) is 
known, recombination fraction (θ) between loci on the same chromosome can be 
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 calculated by scoring recombinant and non-recombinant gametes transmitted from 
parents to offspring and by subsequently dividing the observed number of recombinants 
with the total number of informative meioses. The primary unit of distance along the 
genetic map is the centiMorgan (cM), which is equivalent to 1% recombination. 
 
 
Figure 4 Crossover and recombination during meiosis.  
 
The rate of recombination per nucleotide is calculated by the ratio of genetic and 
physical distances (in centiMorgan per megabase (cM/Mb)). Recombination rates may 
vary substantially among species, among individuals, between the sexes, and among 
different regions of the genome (Majewski & Ott 2000; Nachman 2002). These variations 
may have important consequences for the success of positional cloning or positional 
identification of QTL and for the accuracy of marker assisted selection and genetic 
diagnosis (Robinson 1996). Noor et al. (2001) demonstrated that variance in 
recombination rate across a genome can cause systematic biases in the interpretation of 
QTL mapping studies. Therefore, investigation of recombination landscape along the 
chromosome and linkage heterogeneity among individuals and families is an essential 
step before attempts are made towards the fine mapping of the QTL and the identification 
of genes underlying the traits of interest.  
Little is known about the regulation of recombination rate in higher eukaryotes, 
although sex, DNA sequence, chromatin structure, chromosomal localization and 
chromosome size have been shown to influence the recombination rate. Results of Pardo-
Manuel de Villena & Sapienza (2001) indicate that the number of crossover in mammals 
is related to the number of chromosome arms. The variation of recombination rates 
between individual men could also reflect polymorphisms in genes affecting 
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 recombination (Lien et al. 2000). Studies in mice and human show that repetitive tandem 
sequences may be responsible for recombination hot spots (Murray et al. 1999). 
Majewski & Ott (2000) demonstrated an association between GT-microsatellites and 
recombination frequency on human chromosome 22. More recently, Myers et al. (2008) 
identified that a sequence motif (CCNCCNTNNCCNC) is critical in recruiting crossover 
events to at least 40% of all human hot spots and it operates on diverse genetic 
backgrounds in both sexes.  From the analysis of reciprocal F1 hybrids of C57BL/6J and 
CAST/Eij mice, Paigen et al. (2008) found that species and parent of origin effects 
influence the behavior of hotspots on mouse chromosome 1; subsequently, Parvanov et al. 
(2009) mapped a tans-acting QTL on chromosome 7 that regulates the activity of these 
hotspots. 
Morton's likelihood ratio test (Morton 1956; Simianer et al. 1997) is commonly 
applied to detect individual variability in recombination fraction. For a given interval, M 
individuals are double heterozygous at the two flanking loci. For individual i = 1, …M, 
Ki recombinant gametes are observed in Ni informative meioses. These observations are 
assumed to be realizations of a binomial variable. Under the null hypothesis, the 
recombination rate is assumed to be uniform for all individuals, while under the 
alternative hypothesis, different individual recombination rates are possible, that is 
 




This test statistic asymptotically follows a X2 distribution with M − 1 degrees of freedom. 
The null hypothesis of homogeneity of recombination fraction is rejected when P < 0.05. 
Besides Morton test, A-test (Smith 1963; Ott1977; Risch and Baron 1982), B-test (Risch 
1988) and D-test (Goldstein 1994) are also commonly used to test linkage heterogeneity.  
 
Aim and Outline of the Thesis 
The main objective of this thesis was to unravel genetic basis of quantitative traits in pigs. 
In Chapter 2, 3 and 4, a total genome scan is performed in a White Duroc×Chinese 
Erhualian cross, resulting in the localization of QTL for carcass composition, meat 
quality and ear traits. This part reflects the work in China. Chapter 5 describes 
recombination landscape along porcine X chromosome and linkage heterogeneity among 
F1 sows from two large-scale populations (Large White×Chinese Meishan, and White 
Duroc×Chinese Erhualian). In Chapter 6, we carried out a joint analysis of the two 
populations to refine the fatness QTL on SSCX, and evaluated the possibility of the 
ACSL4 gene as a candidate gene underlying the QTL. Chapter 5 and 6 are due to 
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collaborative research between INRA and JXAU, which was implemented during my 
stay in France. Chapter 7 describes the chromosomal localization of the porcine NALP5 
gene. Finally, Chapter 8 presents a general discussion and our future prospects. 
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Summary Carcass and meat quality traits are economically important in pigs. In this study, 17 carcass
composition traits and 23 meat quality traits were recorded in 1028 F2 animals from a
White Duroc · Erhualian resource population. All pigs in this experimental population
were genotyped for 194 informative markers covering the entire porcine genome. Seventy-
seven genome-wide significant quantitative trait loci (QTL) for carcass traits and 68 for
meat quality were mapped to 34 genomic regions. These results not only confirmed many
previously reported QTL but also revealed novel regions associated with the measured traits.
For carcass traits, the most prominent QTL was identified for carcass length and head
weight at 57 cM on SSC7, which explained up to 50% of the phenotypic variance and had a
95% confidence interval of only 3 cM. Moreover, QTL for kidney and spleen weight and
lengths of cervical vertebrae were reported for the first time in pigs. For meat quality traits,
two significant QTL on SSC5 and X were identified for both intramuscular fat content and
marbling score in the longissimus muscle, while three significant QTL on SSC1 and SSC9
were found exclusively for IMF. Both LM and the semimembranous muscle showed com-
mon QTL for colour score on SSC4, 5, 7, 8, 13 and X and discordant QTL on other
chromosomes. White Duroc alleles at a majority of QTL detected were favourable for carcass
composition, while favourable QTL alleles for meat quality originated from both White
Duroc and Erhualian.
Keywords carcass composition, meat quality, pig, quantitative trait loci.
Introduction
Breeding programmes in meat-producing pigs focus on
growth rate, lean meat production and meat quality. New
opportunities have been opened in molecular breeding,
along with identification of quantitative trait loci (QTL) and
markers for important economic traits. This rapid progress
owes much to the application of molecular biology tech-
niques on the basis of high-resolution linkage, physical and
comparative maps and genome sequence.
So far, approximately 1700 QTL affecting production and
meat quality traits have been detected on a variety of pig
chromosome regions by using different experimental popu-
lations (http://www.animalgenome.org). At least four
genes, including insulin-like growth factor 2 (IGF2), melano-
cortin 4 receptor (MC4R), ryanodine receptor 1 (RYR1) and
protein kinase, AMP-activated, gamma 3 non-catalytic subunit
(PRKAG3) have been shown to affect meat production and
meat quality traits in pigs. The intron3 mutation
g.3072G>A in IGF2 increases muscle mass and reduces
back-fat thickness (Van Laere et al. 2003). The
p.Asp298Asn mutation in MC4R has been associated with
fatter, higher-feed consuming and faster-growing animals
(Kim et al. 2000). The p.Arg615Cys mutation in RYR1
results in pale, soft and exudative meat (Fujii et al. 1991)
and the p.Arg200Gln substitution of PRKAG3 is responsible
for acid meat in Hampshire and Hampshire-synthetic
lines (Milan et al. 2000). However, the genetic factor of
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production and meat quality traits, which are complex
traits, remains largely unknown in pigs.
To map QTL for economically important traits, we have
constructed a large-scale resource population using 17
Erhualian founder sows and two White Duroc founder
boars. White Duroc boars are characterized by good meat
quality and large muscle mass and are extensively used as
terminal sires in the pig industry. Erhualian pigs and
Meishan pigs are two Taihu sub-regional populations,
which are well known for early maturity, prolificacy, good
maternity and many desirable respects of meat quality, but
have lower growth rate, excessive carcass fat and less
carcass dressing percentage compared with White Duroc
pigs. In this article, we present the QTL mapping results for
40 traits related to carcass composition and meat quality by
using the White Duroc · Erhualian intercross.
Materials and methods
Population development
A four-generation resource population was created and
managed from 2001 to 2006 as described by Ren et al.
(2006) and Duan et al. (2009). Briefly, two White Duroc
sires and 17 Erhualian dams were mated to produce F1
animals, from which nine F1 boars and 59 F1 sows were
intercrossed (avoiding full-sib mating) to produce 967 F2
males and 945 F2 females (total n = 1912) in six batches.
Sixty-two F2 males and 149 F2 females were chosen to
produce 1530 F3 animals in three batches. All piglets were
raised at the experimental farm in Jiangxi Agricultural
University (Nanchang, China) until 100 days of age.
Following this, some animals were transferred to Jiangxi
Provincial Swine Performance Test Station (Nanchang,
China) for measurements of feeding behaviours and feed
consumption. All founder pigs were non-carriers of the
unfavourable RYR1 (615C) and PRKAG3 (200Q) alleles. All
procedures involving animals followed the guidelines for the
care and use of experimental animals established by the
Ministry of Agriculture of China.
Phenotype measurements
At 240 ± 3 days of age, a total of 1030 F2 animals
including 549 gilts and 481 barrows were transported and
slaughtered at a commercial abattoir where the pigs were
fasted (water was given ad libitum) overnight before
slaughter. After bleeding, scalding, dehairing and eviscer-
ating, carcass, head and internal organs including the
heart, kidney, liver and spleen were weighed within 30-min
post-mortem. Carcass lengths were measured from the pubis
to the first cervical vertebra (CarLfcv) or from the pubis to
the first thoratic vertebra (CarLftv). Meanwhile, the length
of each cervical vertebra and their total length were
recorded. Loin eye area at the last rib was traced on
sulphate papers and calculated using Leica QWIN software.
Afterwards, other carcass and meat quality measurements
were performed on the left-side carcass.
The longissimus muscle (LM) between the 10th-rib and
the first lumbar vertebra and the semimembranous muscle
(SM) were evaluated for meat quality traits. Muscle colour
was scored using three different methods. At 30-min and
24-h post-mortem, muscle colour was subjectively assessed
according to the colour standard (1 = pale; 6 = dark) pro-
vided by US National Pork Producers Council (Berg 2000)
and objectively evaluated using a CM-2600d/2500d
Minolta Chroma Meter with L* for lightness, a* for redness
and b* for yellowness on the cut surface of the LM and SM.
Chemical analysis was also performed to determine the
haematin content using the standard acidified acetone
extraction method (Hornsey 1956). Moisture and protein
content of LM were determined by the routine oven-drying
and Kjeldahl nitrogen methods respectively (AOAC, 2000).
To measure intramuscular fat (IMF) content, we used a
subjective NPPC photographic reference standard (1–10,
with 1 = devoid, 10 = overly abundant; Berg 2000) to
determine marbling scores of both LM and SM at 24-h post-
mortem and an ether extraction analysis was performed to
measure the loin IMF content following the procedure of
AOAC (2000).
Genotyping and linkage map construction
Genomic DNA was isolated from ear clip or spleen tissues
using a routine phenol/chloroform extraction method. All
F0, F1 and F2 animals were genotyped for 194 informative
microsatellite markers covering the whole genome as
described in Guo et al. (2009). The polymorphism of each
marker was recorded using a 3130XL Genetic Analyzer and
analysed with the GENEMAPPER software 4.0 (ABI). All
genotype data were used to construct a whole-genome
linkage map with the BUILD option via CRIMAP 2.4 software
(Green et al. 1990). A sex-average map with a total length
of 2344.7 cM and an average marker interval of 13.40 cM
was established as shown in Guo et al. (2009).
Statistical analysis
The QTL analysis was performed with a web-accessible
software (QTL EXPRESS; http://qtl.cap.ed.ac.uk) (Seaton et al.
2002), which is based on a least-square interval mapping
for outbred lines (Haley et al. 1994). It was assumed that
the grandparental breeds were fixed for alternative alleles at
a given QTL. Additive effects were estimated at 1-cM
intervals as half of the difference between two homozygotes.
Positive values of additive effects indicate that the favour-
able alleles were from the Erhualian breed. Dominance
effects were estimated as the difference between heterozyg-
otes and the mean of homozygous animals. Subsequently,
additive and dominant coefficients at fixed positions in the
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genome of each F2 animal were calculated and their
phenotypic values were regressed onto the additive and
dominance coefficients in intervals of 1 cM. For the analysis
of chromosome X, the same QTL model for autosomes was
fitted along the pseudoautosomal region. For testing QTL in
sex-specific regions, we assumed that the Y chromosome
contained no loci and followed the method of Knott et al.
(1998) to calculate substitution effects of alleles transmitted
by F1 sows. Factors included in the QTL model were deter-
mined by using the PROC GLM of SAS 9.0 package (SAS
Institue Inc.), and those approaching 5% significance level
were kept in the models as fixed effects or covariates. Farm,
sex and batch were the fixed effects in the QTL model for
carcass weight. The model for other carcass traits, IMF and
marbling score included fixed effects of sex and batch and a
covariate of carcass weight. For moisture and protein
content of muscle, the model included sex as a fixed effect
and carcass weight as a covariate. The fixed effects of sex
and batch were fitted in the model for haematin content,
colour score and Minolta L*, a* and b*. Segregation distor-
tion was tested in the F2 population as suggested by Knott
et al. (1998) via QTL Express and no evidence for segrega-
tion distortion was found.
The genome-wise significance thresholds were directly
determined by a permutation test with 10 000 iterations as
described by Churchill & Doerge (1994). The 5% chromo-
some-wide threshold was considered the suggestive level
and obtained following the equation used by de Koning
et al. (2001): Pgenome-wide = 1 ) (1 ) Pchromosome-wide)
1/r,
where r is the proportion of total genome length attributed
to the chromosome. Significance thresholds were calculated
separately for each trait and they ranged from 5.1 to 5.4,
8.3 to 8.8 and 10.2 to 10.7 for suggestive, significant and
highly significant linkage respectively. A forward and
backward selection interval mapping approach was used for
estimation of multiple QTL on a chromosome as described
previously (Guo et al. 2008). The empirical 95% confidence
intervals (CI) for the location of each QTL were determined
with a bootstrap method through 1000 iterations (Visscher
et al. 1996).
The percentage of trait variance (Var%) explained by each
QTL was calculated using following formula:
Var% ¼ ðMSreduce1 MSfullÞ
MSreduce
 100
where MSfull, MSreduce1 and MSreduce were the mean squares
of the models with all QTL, with all QTL except for the
current focus one, and with no QTL respectively.
Results and discussion
Descriptive statistics of the measured traits are given in
Table 1. Genome-wide significant QTL were detected in 34
genomic regions of approximately 20 cM or less and are
shown in detail in Tables 2 & 3; all suggestive QTL are
compiled in Table S1. In total, 277 QTL were identified for
the 40 measured traits, including 77 significant QTL for
carcass traits and 68 for meat quality. In many cases, a
single chromosomal region had significant effects on several
correlated traits. These may represent QTL with pleiotropic
effect on those traits. However, caution should be taken
when evaluating pleiotropic effects because they may be
caused by environmental correlations between traits or may
be artefacts of the statistical model (Rohrer & Keele 1998).
Carcass traits
Carcass weight is one of the most important economic traits
in pigs. We identified six genome-wide significant QTL for
this trait on distinct chromosomes (Table 2). These chro-
mosomal regions except for that on SSC5 overlap with
previously reported QTL for carcass weight or body weight
in different experimental populations (Rohrer & Keele 1998;
Bidanel et al. 2001; Malek et al. 2001a; Rohrer et al. 2005).
The Erhualian allele at 58 cM on SSC7 was associated with
increased carcass weight with a significant additive effect
and (over)dominant effect. In contrast, the Erhualian alleles
at the other loci reduced carcass weight and the partial and
complete dominance effects were observed for White Duroc
alleles at SSC3 (80 cM) and 14 (39 cM) respectively.
Loin eye area is of importance for carcass evaluation, as it
has been highly correlated to the muscle percentage in a
carcass. As expected, most QTL for loin eye area, except for
those on SSC14, 15 and 17 (Tables 2 & S1), corresponded to
QTL for backfat thickness detected in the current population
(data not shown) and for loin weight, loin and ham
percentage and backfat weight and thickness previously
detected in a Meishan · Large White resource population
(Milan et al. 2002). However, we did not find QTL for loin eye
area on SSC7, which harbours the most significant QTL for
backfat thickness in this experimental population (data not
shown) as well as two previously reported QTL for loin and
ham percentage and loin eye area (Milan et al. 2002; Sato
et al. 2003). On SSC5, a novel QTL for loin eye area at 1%
genome-wide level was mapped close to the QTL for carcass
weight detected here and the QTL for loin and ham per-
centage reported by Milan et al. (2002). All significant QTL
for loin eye area showed additive effects with unfavourable
alleles from the Erhualian breed. The prominent QTL on
SSCX (F = 46.9) flanked by SW259 and SW1426 explained
the largest proportion (4.3%) of the F2 phenotypic variance.
Genome scans for QTL affecting weights of internal
organs including the heart, head and liver have been
intensively investigated. Current results confirmed many
QTL reported previously, such as those on SSC1, 2, 4, 5, 7
and 8 (Table 2). The proximal end of SSC2 is known to
harbour the IGF2 gene, underlying a paternally expressed
QTL with major effects on muscle mass, fat deposition and
heart size (Van Laere et al. 2003). This gene is a candidate
for the QTL for heart weight and loin eye area in this study;
such a hypothesis needs further investigation by the QTL
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analysis under the imprinting model. Several significant and
suggestive QTL were found for the first time (Tables 2 & S1).
For instance, one 1% genome-wide significant QTL for head
weight was detected in a region flanked by SW1683 and
SW1983 on SSC15 (96 cM). At this locus, the Erhualian
allele showed sole additive effect on increasing head weight.
Moreover, a significant QTL for heart weight was evidenced
on SSCX in the same region as the QTL for loin eye area,
and pigs with Erhualian alleles at this locus tended to have
smaller heart. In comparison, genome scans for QTL
affecting other internal organ weights, such as kidney
weight and spleen weight, have been rarely performed. So
far, only Zhang et al. (2007) reported a suggestive QTL for
spleen weight at 106 cM on SSC8. In this study, we iden-
tified a 1% genome-wide significant QTL for spleen weight at
a different position (20 cM) on SSC8. Moreover, significant
evidence for QTL affecting spleen weight was found on
SSC1, 3, 4 and 13 in the present study. For kidney weight,
Table 1 Carcass composition and meat quality traits of F2 animals in the White Duroc · Erhualian resource population.
Traits Symbols n Mean SD Minimum Maximum
Carcass measurements
Left half carcass weight, kg CarWt 1028 34.4 7.1 7.9 58.5
Loin eye area at last rib, cm2 LoinEA 922 39.8 6.1 24.0 60.5
Head weight, kg HeadWt 1025 7.5 1.5 3.5 11.8
Heart weight, g HeartWt 1023 336.6 65.0 190.0 570.0
Kidney weight, g KidneyWt 1023 280.2 58.0 125.0 487.5
Liver weight, g LiverWt 1022 1388.5 264.3 680.0 2197.5
Spleen weight, g SpleenWt 1018 131.3 30.7 55.0 262.5
Carcass length from the first cervical vertebra to pubis, cm CarLfcv 1026 96.0 7.2 66.8 115.6
Carcass length from the first thoratic vertebra to pubis, cm CarLftv 1026 79.9 6.2 54.9 97.4
Length of 1st cervical vertebra, cm L1CV 1022 2.1 0.3 1.3 3.0
Length of 2nd cervical vertebra, cm L2CV 1026 3.5 0.6 2.2 5.4
Length of 3rd cervical vertebra, cm L3CV 1023 2.1 0.2 1.6 3.1
Length of 4th cervical vertebra, cm L4CV 1028 2.0 0.2 1.2 2.9
Length of 5th cervical vertebra, cm L5CV 1025 2.0 0.2 1.5 2.8
Length of 6th cervical vertebra, cm L6CV 1023 2.0 0.2 1.3 2.8
Length of 7th cervical vertebra, cm L7CV 1025 2.3 0.2 1.6 3.0
Length of total cervical vertebras, cm LtCV 1028 17.2 1.4 11.7 22.2
Meat quality
Marbling score in LM (1–10) Marbling-LM 895 2.0 0.8 1.0 10.0
Marbling score in SM (1–10) Marbling-SM 895 1.4 0.5 0.0 4.0
Intramuscular fat content in LM, % IMF-LM 953 2.1 1.0 0.4 7.7
Moisture content in LM, % Moisture-LM 959 74.5 1.3 66.4 84.7
Crude protein content in LM, % Protein-LM 498 22.2 1.1 15.2 30.6
Haematin content in LM, % Haematin-LM 899 47.3 17.5 4.8 148.9
Haematin content in SM, % Haematin-SM 901 61.9 17.7 3.7 157.6
Colour score for LM at 45-min post-mortem (1–6) Colour45 min-LM 885 3.2 0.7 1.0 6.0
Colour score for SM at 45-min post-mortem (1–6) Colour45 min-SM 885 4.0 0.8 1.0 6.0
Colour score for LM at 24-h post-mortem (1–6) Colour24 h-LM 888 2.7 0.7 1.0 5.0
Colour score for SM at 24-h post-mortem (1–6) Colour24 h-SM 887 3.6 0.8 1.0 5.5
Minolta colour parameters measured at 45-min post-mortem
L value for LM L45 min-LM 762 38.5 2.4 30.8 50.7
a value for LM a45 min-LM 762 )0.4 1.0 )3.0 2.8
b value for LM b45 min-LM 762 8.8 2.5 2.7 13.4
L value for SM L45 min-SM 762 35.3 2.1 29.4 43.1
a value for SM a45 min-SM 762 2.1 1.2 )2.4 6.5
b value for SM b45 min-SM 762 9.5 2.7 3.5 14.2
Minolta colour variables measured at 24-h post-mortem
L value for LM L24 h-LM 760 47.2 3.1 36.8 59.1
a value for LM a24 h-LM 761 0.7 1.2 )2.6 5.7
b value for LM b24 h-LM 761 7.6 1.8 2.2 13.2
L value for SM L24 h-SM 761 43.0 3.3 33.7 53.2
a value for SM a24 h-SM 761 3.3 1.3 )0.6 8.4
b value for SM b24 h-SM 761 8.4 2.1 2.8 13.8
LM, longissimus muscle; SM, semimembranous muscle.
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Table 2 Details of QTL mapping results for carcass traits in a White Duroc · Erhualian resource population.
Traits1 Chromosome Position2 (cM) F-value Significance3 Additive4 (SE) Dominance5 (SE) 95% CI6 (cM) V%7
CarWt 3 80 24.4 ** )1.88 (0.29) 0.99 (0.44) 42–87 4.0
4 64 24.2 ** )1.75 (0.25) )0.35 (0.37) 55–106 3.9
5 100 11.3 ** )1.27 (0.27) 0.4 (0.44) 54–110 1.7
7 58 19.9 ** 1.19 (0.30) 1.86 (0.37) 48–58 3.2
8 58 8.8 * )1.06 (0.25) )0.22 (0.36) 3–98 1.3
14 39 9.3 * )0.77 (0.25) 0.98 (0.35) 21–71 1.4
LoinEA 1 150 12.6 ** )1.18 (0.25) 0.55 (0.40) 10–158 2.1
2 17 16.6 ** )1.36 (0.25) )0.61 (0.39) 2–39 2.9
5 95 10.8 ** )1.16 (0.26) 0.51 (0.43) 27–111 1.8
14 16 9.8 * )0.99 (0.25) 0.77 (0.42) 4–30 1.6
X 56 46.9 ** )2.09 (0.31) 54–57 4.3
HeartWt 2 6 19.2 ** )12.89 (2.08) )0.18 (3.22) 0–21 3.0
4 74 16.9 ** )12.37 (2.15) 1.08 (3.23) 54–81 2.6
7 58 53.5 ** 18.84 (1.92) 8.13 (2.72) 48–61 9.3
8 49 9.2 * )3.67 (1.98) 10.72 (2.82) 0–147 1.4
X 57 26.3 ** )13.71 (2.67) 56–64 2.1
HeadWt 4 76 80.2 ** )0.45 (0.04) )0.04 (0.05) 0–139 8.7
7 58 361.9 ** 0.85 (0.03) 0.11 (0.04) 57–60 58.3
15 96 23.7 ** 0.24 (0.03) )0.06 (0.05) 87–103 2.3
LiverWt 1 102 13.7 ** )51.1 (9.94) 13.86 (12.86) 47–115 2.2
5 106 9.0 * )32 (7.74) 11.62 (11.20) 0–114 1.4
7 58 47.2 ** 66.01 (7.95) 54.2 (11.21) 57–61 8.5
8 53 9.3 * )14.63 (8.16) 43.78 (11.55) 0–147 1.4
KidneyWt 8 77 13.0 ** 8.72 (1.88) 5.71 (2.70) 28–81 2.2
X 59 49.6 ** )19.09 (2.71) 56–62 4.6
SpleenWt 1 62 9.7 * )5.02 (1.27) )3.65 (2.04) 48–148 1.5
3 98 9.7 * )4.83 (1.25) )4.22 (1.93) 86–111 1.5
4 60 26.3 ** )8.36 (1.16) )2.48 (1.74) 40–75 4.5
8 20 17.1 ** )6.37 (1.18) 4.06 (1.81) 5–51 2.8
13 77 19.3 ** )6.61 (1.06) )0.55 (1.50) 71–89 3.2
CarLfcv 1 150 32.6 ** )1.32 (0.17) 0.45 (0.27) 145–155 3.2
4 75 64.2 ** )1.94 (0.17) )0.13 (0.26) 72–79 6.5
7 58 409.9 ** 4.52 (0.16) 1.65 (0.22) 57–60 60.1
7 98 46.2 ** )1.60 (0.17) 0 (0.23) 93–101 6.7
9 109 8.8 * )0.73 (0.17) 0 (0.28) 31–131 0.8
X 57 43.1 ** )1.39 (0.21) 56–58 2.1
CarLftv 1 117 15.4 ** 6.22 (1.12) )0.70 (1.19) 2–148 1.6
1 121 17.0 ** )6.72 (1.15) 0.66 (1.26) 48–147 1.8
4 74 56.7 ** )1.60 (0.15) )0.07 (0.23) 70–78 6.5
7 58 306.3 ** 3.60 (0.15) 0.97 (0.19) 57–60 48.5
7 94 24.4 ** )1.04 (0.15) )0.04 (0.20) 89–112 3.7
8 37 11.1 ** )0.64 (0.14) 0.22 (0.21) 18–51 1.1
9 42 10.8 ** )0.68 (0.15) )0.17 (0.24) 25–129 1.1
X 58 15.3 ** )0.73 (0.19) 56–66 0.8
L1CV 1 138 12.2 ** 0.05 (0.01) )0.04 (0.02) 3–146 1.9
4 80 18.8 ** )0.07 (0.01) 0.05 (0.02) 64–85 2.9
7 58 80.3 ** 0.14 (0.01) 0.04 (0.02) 57–61 14.9
L2CV 7 53 18.1 ** 0.16 (0.03) 0.03 (0.04) 51–82 3.4
L3CV 2 0 9.4 * 0.04 (0.01) 0.01 (0.02) 0–90 1.4
4 70 15.9 ** )0.05 (0.01) 0.01 (0.01) 65–79 2.7
6 161 9.4 * 0.04 (0.01) 0.01 (0.02) 70–183 1.4
7 55 18.3 ** 0.05 (0.01) 0.03 (0.01) 46–72 3.0
X 44 20.2 ** )0.06 (0.01) 40–59 1.6
L4CV 4 72 16.5 ** )0.05 (0.01) 0 (0.01) 57–79 2.9
6 3 8.9 * )0.04 (0.01) )0.02 (0.01) 0–189 1.4
7 59 20.0 ** 0.04 (0.01) 0.03 (0.01) 38–62 3.3
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there was evidence for two significant QTL on SSC8 (77 cM)
and SSCX, and two suggestive QTL on SSC2 and 12
(Table S1).
As shown in Table S2, the largest correlation coefficient
(r = 0.87; P < 0.001) among the measured traits was
observed between CarLfcv and CarLftv. It is hence
conceivable that the two traits were always affected by the
same QTL (except for SSC1). We noticed that SSC1
contained two very closely linked QTL for CarLftv, peaking
at 117 and 121 cM respectively. Interestingly, the Erhua-
lian alleles at the two loci exhibited large additive effects in
opposite direction (6.22 vs. )6.72). Both Rohrer & Keele
(1998) and Beeckmann et al. (2003) have reported a QTL
for carcass length in this chromosomal region, but did not
observe the opposite effect of the founder alleles. On this
chromosome, a significant QTL for CarLfcv was mapped at
far distal region of SSC1 (150 cM). This region, along with
the QTL for both CarLfcv and CarLftv on SSC7, corresponds
well to the reported QTL for the number of vertebrae
(Mikawa et al. 2005).
There are usually seven cervical vertebrae, labelled C1 to
C7, in humans and other mammals. Three cervical verte-
brae have a unique anatomical structure and have been
given specific names: C1 (the atlas), C2 (the axis) and C7
(the vertebra prominens) (http://www.daviddarling.info/
encyclopedia/C/cervical_vertebra.html). Accordingly, cor-
relation coefficients involving L1CV and L2CV were
comparatively lower than other coefficients (Table S2). In
this study, we detected QTL for lengths of each vertebra and
the total cervical vertebrae length. To our knowledge, this is
the first time these loci have been reported. The QTL for
length of cervical vertebrae were distributed across all
chromosomes except for SSC11, 13 16 and 17 (Tables 2 &
S1). Total length of cervical vertebrae is highly correlated to
CarLfcv and CarLftv (r > 0.61; Table S2), and QTL for these
traits were co-localized on SSC4, 6, 7 and X. Two major QTL
on SSC4 and 7 affected all cervical vertebra-related traits
(Table 2). Both common and specific QTL were found for
lengths of different cervical vertebrae, indicating the
existence of both common and specific genetic factors
regulating the growth of cervical vertebrae.
Overall, three chromosomal regions on SSC4 (60–
70 cM), SSC7 (36–58 cM) and SSC8 (20–58 cM) stand out
for their pleiotropic and significant effects on many traits
related to carcass weight, internal organ weight and carcass
length. Moreover, the most significant QTL on SSC7
Table 2 Continued.
Traits1 Chromosome Position2 (cM) F-value Significance3 Additive4 (SE) Dominance5 (SE) 95% CI6 (cM) V%7
X 45 21.9 ** )0.05 (0.01) 38–62 1.8
L5CV 4 73 12.6 ** )0.04 (0.01) 0.01 (0.01) 60–89 2.0
7 52 17.7 ** 0.04 (0.01) 0.02 (0.01) 39–59 2.9
8 81 8.6 * )0.03 (0.01) 0.01 (0.01) 0–147 1.2
X 43 20.7 ** )0.05 (0.01) 11–60 1.6
L6CV 4 64 12.5 ** )0.03 (0.01) 0.02 (0.01) 0–91 2.0
6 169 9.9 * 0.03 (0.01) )0.02 (0.01) 0–189 1.7
7 55 23.6 ** 0.05 (0.01) 0.02 (0.01) 44–61 4.1
X 58 28.8 ** )0.06 (0.01) 57–67 2.7
L7CV 3 127 8.8 * 0.03 (0.01) 0.03 (0.01) 0–137 1.4
4 63 14.7 ** )0.04 (0.01) 0.02 (0.01) 55–92 2.6
6 174 8.7 * 0.03 (0.01) )0.02 (0.01) 30–186 1.4
7 58 45.5 ** 0.07 (0.01) 0.04 (0.01) 50–59 8.2
LtCV 3 80 11.8 ** )0.25 (0.05) 0.12 (0.08) 37–94 1.3
4 71 70.6 ** )0.6 (0.05) )0.01 (0.08) 61–75 8.9
5 70 12.9 ** )0.25 (0.05) )0.1 (0.08) 61–114 1.4
7 58 186.7 ** 0.85 (0.05) 0.48 (0.07) 53–59 27.3
8 39 22.1 ** )0.33 (0.05) 0.1 (0.08) 20–61 2.5
10 67 10.7 ** )0.23 (0.05) )0.04 (0.07) 59–103 1.1
14 39 12.2 ** )0.23 (0.05) 0.04 (0.07) 34–52 1.3
X 57 31.5 ** )0.38 (0.07) 52–62 1.8
QTL, quantitative trait locus; SE, standard error.
1For abbreviations of the traits, see Table 1.
2Position of the peak F-value in the pig genetic map (Guo et al. 2009).
3Significance levels: *5% and **1% genome-wide significance.
4Positive additive effects indicated that the Erhualian alleles increased phenotypic values.
5Dominance effects and their SE.
6Confidence interval obtained by bootstrapping.
7The percentage of F2 phenotypic variance explained by the QTL locus.
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Table 3 Details of QTL mapping results for meat quality in the White Duroc · Erhualian resource population.
Traits1 Chromosome Position2 (cM) F-value Significance3 Additive4 (SE) Dominance5 (SE) 95% CI6 (cM) V%7
Marbling-LM 5 95 12.4 ** 0.18 (0.04) )0.12 (0.07) 84–109 2.3
13 83 12.3 ** )0.17 (0.03) )0.03 (0.05) 49–99 2.3
X 57 13.6 ** 0.17 (0.05) 6–64 1.3
Marbling-SM 6 178 9.7 * )0.09 (0.02) 0.08 (0.04) 26–186 2.0
IMF-LM 1 146 11.5 ** 0.65 (0.14) )0.25 (0.22) 103–153 1.8
5 86 16.0 ** 0.72 (0.15) )0.73 (0.24) 61–94 2.6
9 62 12.9 ** )0.81 (0.16) 0.33 (0.27) 28–72 2.0
9 130 11.8 ** 0.76 (0.16) 0.06 (0.27) 89–142 1.8
12 86 9.6 * 0.62 (0.14) 0.09 (0.24) 34–86 1.4
17 63 13.5 ** )0.75 (0.15) )0.5 (0.26) 50–85 2.1
X 56 27.5 ** 0.94 (0.18) 46–58 2.2
Moisture-LM 4 66 12.4 ** )0.28 (0.06) )0.01 (0.08) 53–116 2.1
7 57 34.9 ** 0.44 (0.05) 0.14 (0.08) 54–66 6.5
8 83 20.0 ** )0.36 (0.06) )0.02 (0.08) 41–100 3.6
9 128 12.9 ** )0.28 (0.06) )0.31 (0.11) 92–136 2.2
Protein-LM 7 53 10.5 ** )0.3 (0.07) 0.08 (0.09) 29–90 3.6
9 44 10.3 ** 0.32 (0.07) )0.23 (0.12) 18–68 3.5
Haematin-LM 5 51 8.9 * 2.77 (0.66) )0.79 (1.06) 27–79 1.7
7 57 15.2 ** )3.11 (0.63) )2.1 (0.88) 53–89 3.0
8 38 10.6 ** 2.8 (0.66) 1.94 (0.98) 10–108 2.0
Haematin-SM 3 56 11.7 ** )2.9 (0.66) )2.19 (0.92) 45–99 2.2
4 75 10.7 ** 2.98 (0.72) )2.03 (1.13) 8–85 2.0
7 49 12.2 ** )3.35 (0.69) )0.81 (1.02) 38–77 2.3
8 19 8.8 * 2.65 (0.72) 2.26 (1.08) 2–64 1.6
Colour45 min-LM 5 53 8.6 * 0.14 (0.03) )0.05 (0.06) 0–114 1.5
6 49 10.8 ** )0.15 (0.04) 0.13 (0.06) 0–112 1.9
7 57 37.1 ** )0.26 (0.03) )0.11 (0.04) 51–62 7.3
8 43 14.9 ** 0.18 (0.03) 0.04 (0.05) 28–91 2.7
Colour24 h-LM 8 25 10.0 * 0.12 (0.03) 0.07 (0.04) 2–64 2.0
Colour45 min-SM 3 55 10.9 ** )0.15 (0.03) )0.1 (0.05) 41–129 1.9
4 65 9.5 * 0.14 (0.03) )0.06 (0.05) 34–82 1.6
4 133 8.5 * )0.14 (0.04) )0.12 (0.06) 21–139 1.5
5 75 9.9 * 0.17 (0.04) 0.07 (0.06) 24–111 1.7
7 60 33.9 ** )0.27 (0.03) )0.13 (0.05) 52–65 6.5
12 23 8.7 * 0.13 (0.04) 0.16 (0.06) 0–47 1.5
13 39 12.2 ** )0.17 (0.04) 0.21 (0.07) 32–109 2.2
X 59 12.2 ** 0.12 (0.04) 34–76 1.1
Colour24 h-SM 4 62 10.1 * 0.13 (0.03) )0.06 (0.05) 41–84 1.9
7 59 13.1 ** )0.11 (0.03) )0.15 (0.04) 49–81 2.5
11 37 11.8 ** 0.11 (0.03) 0.14 (0.04) 28–45 2.2
L45 min-LM 7 59 91.8 ** 1.31 (0.10) 0.29 (0.14) 59–61 23.0
L24 h-LM 3 115 9.4 * 0.6 (0.16) )0.51 (0.25) 0–137 2.1
4 77 8.8 * )0.64 (0.16) 0.22 (0.25) 0–139 2.0
L45 min-SM 2 21 10.0 * )0.37 (0.09) )0.23 (0.15) 12–120 1.8
3 64 22.0 ** 0.57 (0.09) 0.17 (0.13) 0–137 4.4
7 58 56.6 ** 0.84 (0.08) 0.13 (0.11) 57–60 12.5
13 58 13.7 ** 0.39 (0.08) )0.3 (0.13) 36–110 2.6
X 57 10.9 ** )0.37 (0.11) 0–84 1.0
L24 h-SM 4 68 13.8 ** )0.59 (0.13) 0.48 (0.19) 38–74 3.0
7 54 21.0 ** 0.68 (0.13) 0.71 (0.19) 49–59 4.7
11 40 17.8 ** )0.8 (0.14) )0.16 (0.2) 29–49 3.9
13 56 9.7 * 0.59 (0.14) )0.27 (0.22) 35–100 2.0
a45 min-LM 7 59 12.8 ** )0.21 (0.05) )0.18 (0.07) 27–63 2.9
8 42 12.0 ** 0.25 (0.05) 0.06 (0.08) 35–77 2.7
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(F > 300) explained an unusually high proportion of
phenotypic variance in head weight (58.3%) and CarLfcv
(60.1%). No evidence for segregation distortion was found
at the QTL region and we believe that the observed high
F-values were probably attributable to large QTL effect and
experimental population size. Interestingly, the 95% CI of
the SSC7 QTL for CarLfcv spanned only 3 cM. This region is
within the fine-mapped fatness QTL interval flanked by
TNFb and NFY (10 cM) (Demeure et al. 2005). The Chinese
Taihu breed (Erhualian and Meishan) has the favourable
alleles at the SSC7 QTL, with major effects on several
important economic traits including carcass, growth and
fatness traits. Hence, identification of causative genes or
mutations underlying these QTL would be very attractive in
the selective breeding scheme involved with the prolific
Taihu breed.
Meat quality
The correlation coefficients between the measured meat
quality traits are shown in Table S3. From this table, we
can see that the correlation coefficient between marbling
score and IMF content in LM was 0.70 (P < 0.001).
Edwards et al. (2008) reported that percentage of moisture,
fat and protein in LM were highly correlated, as they are
derived from percentages of the same whole. In this study,
we found a high partial correlation coefficient between
moisture and protein (r = )0.64; P < 0.001), a medium
partial correlation coefficient between moisture and fat
(r = )0.47; P < 0.001), and a low partial correlation
coefficient between protein and fat (r = )0.24; P < 0.001),
after correction for differences in carcass weight.
Marbling or IMF has long been associated with eating
quality of meat. We herein confirmed the previous finding of
a significant QTL for IMF on SSCX (Harlizius et al. 2000).
Mercade´ et al. (2006) has proposed the ayl-CoA synthetase
long-chain family member 4 gene as a possible candidate gene
for this QTL. Besides this QTL, we also identified three
additional significant QTL for marbling and six for IMF
(Table 3), which have not been reported before. At
86–95 cM on SSC5, a profound effect was detected on IMF
and marbling, with the recessive Erhualian allele increasing
the phenotypic values. Two regions on SSC9 were associ-
ated with chemical composition: one at 44–62 cM for both
IMF and protein content, and the other at 128–130 cM for
IMF and moisture. Several significant QTL on SSC1, 12 and
X had specific effects on IMF. Only one QTL was identified
for marbling of SM, which is significant at 5% genome-wide
level and positioned at 178 cM on SSC6 (between SW322
and SW2052). This QTL was adjacent to a suggestive QTL
for IMF of LM that was detected in this study (Table S1) and
also in a Meishan · Dutch resource population (de Koning
et al.1999). A low correlation coefficient (r = 0.31,
P < 0.001; Table S3) was observed for marbling scores
between LM and SM. Comparison analysis also revealed the
lack of common QTL for marbling scores between LM
and SM. These imply that the genetic factors underlying
marbling scores differ in the two tissues.
Table 3 Continued.
Traits1 Chromosome Position2 (cM) F-value Significance3 Additive4 (SE) Dominance5 (SE) 95% CI6 (cM) V%7
a24 h-LM 5 34 14.3 ** 0.33 (0.07) )0.21 (0.12) 18–53 3.2
7 60 12.3 ** )0.24 (0.05) )0.17 (0.08) 40–94 2.7
8 40 9.2 * 0.24 (0.06) 0 (0.09) 0–147 1.9
13 79 10.1 * )0.25 (0.06) )0.01 (0.08) 31–109 2.2
X 49 15.7 ** 0.31 (0.08) 43–59 1.8
a45 min-SM 4 61 11.9 ** 0.25 (0.06) )0.11 (0.08) 41–139 2.6
7 59 11.6 ** )0.22 (0.05) )0.17 (0.08) 0–70 0.8
X 61 20.1 ** 0.34 (0.08) 35–82 2.2
a24 h-SM 5 36 9.4 * 0.3 (0.07) )0.08 (0.13) 0–113 2.0
7 59 11.3 ** )0.24 (0.06) )0.19 (0.08) 39–90 2.4
13 56 13.4 ** )0.32 (0.06) 0.05 (0.1) 33–112 2.9
X 56 11.8 ** 0.28 (0.08) 49–90 1.3
b45 min-LM 8 68 11.2 ** 0.17 (0.06) )0.3 (0.08) 19–89
b24 h-LM X 56 14.7 ** 0.32 (0.08) 34–59 1.7
QTL, quantitative trait locus; SE, standard error; LM, longissimus muscle; SM, semimembranous muscle.
1For abbreviations of the traits, see Table 1.
2Position of the F-value peak on the linkage map (Guo et al. 2008a).
3Significance levels: *5% and **1% genome-wide significance.
4Positive additive effects indicated that the Erhualian alleles increased phenotypic values.
5Dominance effects and their SE.
6Confidence interval obtained by bootstrapping.
7The percentage of F2 phenotypic variance explained by the QTL.
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All QTL for the marbling score in LM except for that on
SSC8 overlapped with the QTL for IMF in LM (Tables 3 &
S1), which is consistent with the high correlation between
the two traits (r = 0.70, P < 0.001; Table S3). Neverthe-
less, three 1% genome-wide significant QTL on SSC1
(146 cM) and SSC9 (62 and 130 cM) were found
exclusively for IMF. As IMF comprises intrafibre fat (lipid
deposited within the muscle fibres) and marbling fat (visible
deposits of fat cells between muscle fibre cells and bundles of
muscle fibre cells), an explanation for such observation is
that these QTL could cause significant variation in intrafibre
fat rather than marbling fat. Moreover, these three QTL for
IMF had no effect on backfat thickness (data not shown).
Increasing the level of IMF whilst maintaining or reducing
the level of visible fat in muscle and subcutaneous tissue
would be a desirable approach to improve the acceptability
of fresh pork (Ovilo et al. 2002). Therefore, those QTL
having unique effect on intrafibre fat are worthwhile for
further investigation.
Pork colour is an important characteristic that impacts
on the consumers perception of fresh pork (Brewer &
McKeith 1999). Haematin pigment is a determining factor
for pork colour. Only three QTL have been previously
described for this trait: two on SSC4 and 7 detected in an
Iberian · Landrace resource population (Ovilo et al. 2002),
and one on SSC6 in a Japanese wild boar · Large White
intercross (Nii et al. 2005). These QTL were all confirmed in
this study (Tables 3 & S1). The most significant QTL was
evidenced on SSC7 (F ‡ 12.2), explaining up to 2.3% of
phenotypic variance in both LM and SM. The Erhualian
allele at this QTL decreased the haematin content. Besides
the SSC7 QTL, significant and suggestive QTL for haematin
in the two muscles were detected on SSC1, 3, 4, 5, 6, 8 and
13 (Tables 3 & S1). As expected, the QTL for haematin,
especially those at genome-wide significant levels, were
consistently found to affect subjective colour score and/or
Minolta colour parameters (see below).
Besides haematin content, additional factors, like pH
value, temperature, muscle fibre types, moisture and IMF
can influence pork colour. Hence, it is reasonable to observe
the discrepancy between the QTL for haematin content and
the QTL for subjective and objective colour scores. Colour
score at 45-min post-mortem reflects the initial appearance
of muscle, while colour score at 24-h post-mortem could be
influenced by pH decline, loss of moisture, protein dena-
turation and other chemical changes. This explains why
more concordant QTL were shown for haematin content
and subjective colour score at 45 min compared with colour
score at 24-h post-mortem. We did not find QTL for colour
scores in the regions of pH QTL reported previously in the
current population (Duan et al. 2009), although pH value
had an effect on meat colour scores.
No QTL for muscle colour scores have been found on
SSCX. In the current study, significant QTL for Minolta L*,
a* and b* were detected in a region associated with IMF and
marbling in LM on the X chromosome. At these loci, the
Erhualian alleles were associated with darker, redder and
yellower meat. Chromosomes 4, 5, 7, 8, 13 and X showed
significant and multiple associations with different colour
measurements on both LM and SM, which is in contrast to
the results of van Wijk et al. (2006) and Malek et al.
(2001b), who reported that none of the colour QTL affected
both loin and ham colour except for the PRKAG3 region.
Moreover, we observed discrepancies in locations and effects
of colour QTL between LM and SM (Table 3), which may
reflect the tissue-dependent genetic control mechanism. An
SM-specific QTL for colour score and Minolta L value at
24 h on SSC11 (37 cM) at the 1% genome-wide level was
remarkable and is reported here for the first time. At this
locus, the Duroc allele was recessive to Erhualian allele and
unfavourable, resulting in paler colour.
For moisture content in LM, three novel QTL on SSC4
(66 cM), SSC7 (57 cM) and SSC9 (66 cM) and a previous
QTL on SSC8 (Su et al. 2004) at the 1% genome-wide sig-
nificance level were identified in the present study. In the
same region on SSC7 and at a different region (66 cM) on
SSC9, convincing evidence of QTL for protein in LM was
detected. The SSC4 QTL for moisture overlapped with sug-
gestive QTL for both protein and IMF (Table S1), and
Erhualian alleles at these loci were associated with lower
moisture and higher protein and IMF contents. The SSC7
QTL explained the highest percentage of F2 phenotypic
variation in moisture (6.5%) and protein (3.6%). At this
locus, the Erhualian allele increased moisture and decreased
protein without a detectable effect on IMF and marbling.
In conclusion, we detected 277 QTL for 40 traits related
to carcass composition and meat quality in pigs. These
results confirmed some previous QTL with large effect on
carcass and meat quality and identified numerous novel
QTL for these traits. All QTL but one on SSC7 explained
<10% of F2 phenotypic variation. The SSC7 QTL had a very
large effect on carcass length and head weight with unusual
small 95% CI. Because of the long-term selection on growth
and carcass mass, favourable alleles for carcass traits
mainly exist in the White Duroc breed, whereas favourable
alleles for meat quality originate from both founder breeds.
In the future, efforts will be made to fine map the most
significant QTL with small 95% CI with the ultimate goal of
characterization of causative gene(s) and mutations
underlying these economically important traits.
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Table S1 Details of suggestive QTL for carcass and meat quality traits in the White Duroc × Erhualian resource population.
Traits1 Chr2 Pos3 (cM) F-Value Additive4 (S.E.) Dominance5 (S.E.) V%6
Carcass traits
CarWt 6 0 5.3 -0.67 (0.30) 0.82 (0.44) 0.7
7 85 7.2 -0.85 (0.32) 1.11 (0.41) 1.1
LoinEA 2 91 7.9 -0.88 (0.22) -0.15 (0.32) 1.3
4 67 5.4 -0.81 (0.25) 0.27 (0.33) 0.8
4 100 6.3 -0.89 (0.25) -0.04 (0.32) 1.0
8 35 5.9 -0.77 (0.23) -0.19 (0.33) 0.9
15 67 6.5 -0.82 (0.23) 0.24 (0.35) 1.0
17 38 5.4 0.51 (0.25) 1.16 (0.43) 0.8
HeartWt 6 170 5.8 6.61 (1.94) 0.04 (2.77) 0.8
9 60 7.9 -8.87 (2.31) 4.64 (3.99) 1.1
14 66 5.0 -1.13 (2.00) -9.61 (3.05) 0.7
16 57 5.5 5.63 (2.16) 6.47 (3.63) 0.7
HeadWt 1 71 5.1 0.11 (0.03) 0 (0.05) 0.4
2 103 5.9 0.11 (0.03) -0.02 (0.05) 0.5
6 155 6.5 -0.12 (0.04) 0.06 (0.06) 0.6
8 36 7.3 -0.12 (0.03) -0.02 (0.05) 0.6
9 11 7.9 -0.04 (0.03) 0.19 (0.05) 0.7
14 61 5.2 -0.04 (0.03) -0.13 (0.04) 0.4
LiverWt 1 136 7.9 26.78 (10.41) -43.53 (14.31) 1.2
4 72 6.8 -31.75 (8.66) 0.22 (12.85) 1.0
9 72 7.0 -29.17 (8.42) 18.22 (12.52) 1.0
15 88 5.9 19.42 (8.40) 31.32 (13.03) 0.8
16 19 5.5 -26.7 (8.23) 10.72 (12.56) 0.8
KidneyWt 2 71 7.9 7.49 (1.96) 3.28 (3.00) 1.3
12 57 6.9 7.33 (2.02) -3.01 (3.13) 1.1
SpleenWt 2 96 5.8 -3.69 (1.10) -1.04 (1.65) 0.8
3 26 7.2 4.87 (1.29) -0.8 (2.06) 1.1
5 33 7.3 5.13 (1.36) 1.35 (2.56) 1.1
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7 36 6.2 3.18 (1.15) -3.8 (1.79) 0.9
CarLfcv 8 51 7.9 -0.55 (0.15) 0.32 (0.21) 0.7
18 22 6.0 -0.59 (0.18) 0.32 (0.29) 0.5
CarLftv 2 93 6.4 -0.46 (0.13) 0.15 (0.19) 0.6
L1CV 10 59 6.4 -0.04 (0.01) -0.04 (0.02) 0.9
L2CV 5 42 5.9 -0.03 (0.03) -0.15 (0.05) 0.9
L3CV 6 0 6.1 -0.03 (0.01) -0.02 (0.01) 0.8
7 147 5.8 -0.01 (0.01) 0.04 (0.01) 0.8
14 60 5.4 -0.02 (0.01) -0.03 (0.01) 0.8
L4CV 2 0 8.4 0.03 (0.01) 0 (0.01) 1.4
5 73 7.2 -0.03 (0.01) 0.01 (0.01) 1.1
6 167 6.3 0.03 (0.01) -0.01 (0.01) 1.1
L5CV 2 1 6.6 0.03 (0.01) 0.01 (0.01) 0.8
6 4 5.7 -0.03 (0.01) -0.02 (0.01) 0.8
6 169 5.8 0.02 (0.01) -0.02 (0.01) 0.8
16 17 6.2 0.03 (0.01) -0.01 (0.01) 0.8
L6CV 3 135 5.4 0.02 (0.01) 0.03 (0.01) 1.0
8 77 8.0 -0.03 (0.01) 0.01 (0.01) 1.3
12 0 6.2 0.03 (0.01) 0.01 (0.01) 1.0
L7CV 2 0 5.6 0.02 (0.01) 0.04 (0.02) 0.9
6 8 5.8 -0.03 (0.01) -0.02 (0.02) 0.9
X 60 6.4 -0.03 (0.01) 0.6
LtCV 6 0 8.5 -0.21 (0.06) 0.13 (0.09) 0.9
7 147 6.0 -0.06 (0.05) 0.23 (0.07) 0.7
9 18 5.4 -0.18 (0.06) 0.04 (0.09) 0.5
15 69 7.7 -0.15 (0.05) 0.24 (0.08) 0.8
18 6 6.3 -0.01 (0.07) -0.18 (0.05) 0.6
Meat quality
Marbling-LM 1 37 7.1 -0.13 (0.04) -0.04 (0.05) 1.2
4 66 8.0 0.13 (0.03) -0.04 (0.05) 1.4
8 55 8.4 0.13 (0.04) -0.09 (0.05) 1.5
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17 64 7.8 -0.15 (0.04) -0.05 (0.07) 1.4
18 62 6.4 0.14 (0.04) 0.03 (0.07) 1.1
IMF-LM 1 38 7.3 -0.52 (0.14) 0.15 (0.2) 1.1
4 66 6.9 0.47 (0.13) -0.2 (0.19) 1.0
6 163 6.4 -0.47 (0.14) -0.29 (0.23) 0.9
13 81 8.1 -0.52 (0.13) -0.04 (0.18) 1.2
17 0 5.7 -0.45 (0.13) 0.14 (0.19) 0.8
18 54 5.7 0.47 (0.15) 0.36 (0.26) 0.8
Moisture-LM 8 138 7.5 0.25 (0.07) -0.06 (0.11) 1.2
17 88 5.5 0.18 (0.05) 0.02 (0.08) 0.8
Protein-LM 4 85 5.7 0.19 (0.07) 0.21 (0.10) 1.7
5 16 6.7 -0.3 (0.08) 0.06 (0.15) 2.1
Hematin-LM 3 55 5.4 -1.85 (0.63) -1.53 (0.89) 0.9
6 27 7.6 -2.68 (0.72) 0.78 (1.13) 1.4
Hematin-SM 1 71 5.7 -2.33 (0.71) 0.97 (1.04) 0.9
5 51 7.9 2.71 (0.7) -1.15 (1.11) 1.4
13 76 7.2 -2.27 (0.66) -1.54 (0.92) 1.3
Color45min-LM 1 82 5.7 -0.12 (0.04) 0.12 (0.07) 0.9
2 5 6.6 0.04 (0.04) 0.19 (0.06) 1.1
3 65 7.0 -0.12 (0.03) 0.05 (0.05) 1.2
4 139 6.9 -0.09 (0.03) -0.12 (0.05) 1.1
10 69 6.2 -0.11 (0.03) -0.06 (0.05) 1.0
12 26 7.1 0.08 (0.04) 0.17 (0.06) 1.2
Color24h-LM 1 78 6.3 -0.11 (0.03) 0.05 (0.05) 1.2
6 111 6.2 -0.09 (0.03) 0.12 (0.06) 1.1
15 67 6.5 0.03 (0.03) 0.14 (0.04) 1.2
Color45min-SM 8 39 6.5 0.13 (0.04) 0.04 (0.05) 1.0
11 28 8.0 0.07 (0.04) 0.2 (0.06) 1.3
Color24h-SM 7 129 5.9 0.05 (0.03) 0.16 (0.05) 1.0
8 33 5.5 0.09 (0.03) 0.09 (0.05) 0.9
11 106 5.6 -0.06 (0.03) 0.13 (0.05) 1.0
12 72 6.5 0.11 (0.03) 0.08 (0.06) 1.1
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13 72 6.4 -0.12 (0.03) 0.01 (0.05) 1.1
L45min-LM 1 112 6.0 0.19 (0.1) -0.48 (0.15) 1.1
2 37 7.1 -0.24 (0.11) -0.52 (0.17) 1.3
2 116 8.4 -0.24 (0.11) -0.56 (0.16) 1.6
L24h-LM 5 3 5.6 0.45 (0.14) 0.05 (0.2) 1.1
8 26 5.5 -0.4 (0.15) -0.41 (0.23) 1.1
14 49 6.0 -0.51 (0.16) -0.45 (0.27) 1.2
15 66 5.9 -0.07 (0.15) -0.78 (0.23) 1.2
L45min-SM 1 36 5.5 0.26 (0.09) -0.22 (0.13) 0.9
4 63 6.2 -0.23 (0.08) 0.2 (0.12) 1.1
4 139 6.8 0.28 (0.08) 0.14 (0.11) 1.2
11 29 5.9 -0.25 (0.09) -0.25 (0.14) 1.0
12 25 7.9 -0.35 (0.09) -0.14 (0.15) 1.4
L24h-SM 2 59 5.2 -0.44 (0.14) -0.25 (0.23) 1.0
10 119 6.0 0.45 (0.15) -0.4 (0.23) 1.1
12 75 7.1 -0.29 (0.15) -0.85 (0.26) 1.4
a45min-LM 5 46 7.8 0.19 (0.05) -0.03 (0.07) 1.7
6 69 7.4 -0.2 (0.05) -0.01 (0.08) 1.6
7 125 7.3 0.06 (0.05) 0.25 (0.07) 1.6
a24h-LM 6 113 7.5 -0.2 (0.07) -0.28 (0.11) 1.5
a45min-SM 1 39 6.3 -0.2 (0.06) -0.01 (0.08) 1.2
2 93 5.6 0.17 (0.05) 0.07 (0.08) 1.0
5 36 6.8 0.23 (0.06) -0.1 (0.12) 1.3
6 55 5.9 -0.21 (0.06) 0.03 (0.10) 1.1
8 35 8.3 0.21 (0.05) 0.07 (0.08) 1.7
13 58 8.0 -0.2 (0.06) 0.15 (0.09) 1.6
a24h-SM 1 150 5.5 -0.17 (0.07) 0.2 (0.11) 1.0
3 55 6.4 -0.21 (0.06) -0.08 (0.09) 1.3
4 74 6.4 0.2 (0.07) -0.16 (0.10) 1.2
4 139 8.1 -0.24 (0.06) -0.02 (0.09) 1.7
6 57 8.4 -0.27 (0.07) -0.05 (0.11) 1.7
b45min-LM 4 67 8.4 0.21 (0.05) -0.06 (0.08) 1.9
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7 74 5.8 -0.14 (0.05) -0.14 (0.08) 1.2
b24h-LM 3 132 5.8 0.13 (0.06) -0.26 (0.1) 1.2
5 27 8.5 0.3 (0.08) -0.21 (0.15) 1.8
7 26 6.6 -0.22 (0.06) 0.06 (0.09) 1.4
7 96 5.9 -0.18 (0.06) -0.14 (0.08) 1.2
10 118 6.4 0.18 (0.07) -0.24 (0.1) 1.3
b45min-SM 8 69 5.6 -0.04 (0.06) -0.27 (0.08) 1.2
10 25 7.3 0.15 (0.06) -0.27 (0.10) 1.6
b24h-SM 10 102 5.2 0.21 (0.07) -0.11 (0.11) 1.1
16 50 7.8 0.17 (0.07) 0.31 (0.11) 1.8
1 For abbreviations of the traits, see Table 1.
2 Chromosome.
3 Position of the F-value peak on the linkage map (Guo et al. 2008a).
4 Positive additive effects indicated that the Erhualian alleles increased phenotypic values. 
5 Dominance effects and their standard error.
6 The percentage of F2 phenotypic variance explained by the QTL locus
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Table S2 Phenotypic correlations between the 17 carcass traits measured 1.
HeadWt HeartWt KidneyWt LiverWt SpleenWt CarLfcv CarLftv LoinEA L1CV L2CV L3CV L4CV L5CV L6CV L7CV LtCV
CarWt 0.72*** 0.68*** 0.62*** 0.62*** 0.34*** 0.74*** 0.76*** 0.42*** 0.38*** 0.12*** 0.43*** 0.44*** 0.45*** 0.49*** 0.45*** 0.70***
HeadWt 0.42 0.16*** 0.40*** 0.23*** 0.53*** 0.53*** 0.06 0.40*** 0.17*** 0.21*** 0.21*** 0.19*** 0.20*** 0.28*** 0.46***
HeartWt 0.34*** 0.37*** 0.20*** 0.44*** 0.42*** 0.16*** 0.24*** 0.13*** 0.11*** 009** 0.09* 0.13*** 0.18*** 0.32***
KidneyWt 0.34*** 0.20*** 0.14*** 0.17*** 0.09** 0.04 -0.10** 0.05 0.04 0.04 0.09** 0.07* 0.14***
LiverWt 0.26*** 0.40*** 0.38*** 0.11** 0.26*** 0.06 0.17*** 0.22*** 0.18*** 0.18*** 0.25*** 0.31***
SpleenWt 0.25*** 0.23*** 0.23*** 0.05 0.05 0.13*** 0.18*** 0.18*** 0.18*** 0.15*** 0.16***
CarLfcv 0.87*** 0.20*** 0.41*** 0.20*** 0.39*** 0.40*** 0.38*** 0.33*** 0.43*** 0.71***
CarLftv 0.16*** 0.38*** 0.12*** 0.30*** 0.30*** 0.30*** 0.29*** 0.38*** 0.61***
LoinEA 0 0.06 0.15*** 0.21*** 0.19*** 0.20*** 0.14*** 0.12***
L1CV 0.12*** 0.20*** 0.21*** 0.20*** 0.20*** 0.28*** 0.44***
L2CV 0.07* 0.04 0.06 0.03 0.07 0.14***
L3CV 0.74*** 0.64*** 0.50*** 0.40*** 0.59***
L4CV 0.78*** 0.58*** 0.43*** 0.58***
L5CV 0.68*** 0.52*** 0.55***
L6CV 0.63*** 0.48***
L7CV 0.50***
1 For abbreviations of the traits, see Table 1.
2 Adjusted for carcass weight. *P < 0.05, **P < 0.01, ***P < 0.001
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Table S3 Phenotypic correlations between the 23 meat quality traits measured 1.
Protein-LM IMF-LM Marbling-LM Marbling-SM Hematin-LM Hematin-SM Color45min-LM Color45min-SM Color24h-LM Color24h-SM
Moisture-LM -0.64*** -0.47*** -0.29*** -0.12 -0.07 -0.15* -0.10 -0.22*** -0.18** -0.17*
Protein-LM -0.24*** -0.24*** 0.07 -0.08 -0.08 -0.02 -0.03 0.02 -0.06
IMF-LM 0.70*** 0.19** 0.19** 0.25*** 0.08 0.23*** 0.16** 0.23***
Marbling-LM 0.31*** 0.24*** 0.27*** 0.06 0.24*** 0.25*** 0.24***
Marbling-SM -0.04 -0.03 -0.02 0.05 0.05 0.02
Hematin-LM 0.79*** 0.35*** 0.34*** 0.34*** 0.33***
Hematin-SM 0.34*** 0.49*** 0.37*** 0.42***
Color45min-LM 0.58*** 0.50*** 0.40***
Color45min-SM 0.45*** 0.56***
Color24h-LM 0.60***
1 For abbreviations of the traits, see Table 1.
2 Adjusted for carcass weight. *P < 0.05, **P < 0.01, ***P < 0.001.
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Table S3 (continued) Phenotypic correlations between the 23 meat quality traits measured 1.
L45min-LM a45min-LM b45min-LM L45min-SM a45min-SM b45min-SM L24h-LM a24h-LM b24h-LM L24h-SM a24h-SM b24h-SM
Moisture-LM 0.04 -0.14* -0.26*** 0.33*** -0.25*** -0.16** 0.11 -0.11 -0.08*** 0.13* -0.11 0.02
Protein-LM -0.22*** -0.01 0.11 -0.20** -0.08 -0.05 -0.22*** -0.22*** -0.12 -0.13 -0.18** -0.07
IMF-LM 0.26*** 0.19** 0.20** -0.07 0.32*** 0.20** 0.07 0.34*** 0.24*** -0.08 0.29*** 0.07
Marbling-LM 0.22*** 0.08 0.05 -0.09 0.30*** 0.20** -0.03 0.29*** 0.12 -0.12 0.24*** -0.05
Marbling-SM 0.12 -0.01 -0.01 0.07 0.09 -0.01 -0.04 0.09 0.04 -0.08 0.04 -0.02
Hematin-LM -0.21** 0.37*** 0.13 -0.27*** 0.33*** 0.23*** -0.21*** 0.46*** 0.12 -0.23*** 0.44*** 0.06
Hematin-SM -0.17* 0.35*** 0.10 -0.43*** 0.50*** 0.24*** -0.14*** 0.47*** 0.15* -0.24*** 0.60*** 0.12
Color45min-LM -0.50*** 0.43*** 0.07 -0.49*** 0.38*** 0.09 -0.19** 0.58*** 0.14* -0.12 0.43*** 0.05
Color45min-SM -0.32*** 0.32*** 0.08 -0.61*** 0.51*** 0.13* -0.07 0.54*** 0.15* -0.12 0.56*** 0.06
Color24h-LM -0.24*** 0.35*** 0.15** -0.36*** 0.04*** 0.20** -0.57*** 0.42*** -0.14* -0.34*** 0.32*** -0.19**
Color24h-SM -0.21*** 0.27*** 0.16* -0.37*** 0.43*** 0.22*** -0.28*** 0.34*** -0.08 -0.55*** 0.31*** -0.21***
L45min-LM -0.49*** -0.26*** 0.34*** -0.00 0.13* 0.24*** -0.23*** 0.02 0.13 -0.23*** -0.02
a45min-LM 0.49*** -0.24*** 0.25*** 0.11 -0.35*** 0.50*** 0.24*** -0.25*** 0.45*** 0.19**
b45min-LM -0.14* 0.22*** 0.25*** -0.22*** 0.14* 0.16* -0.22*** 0.13* 0.12
L45min-SM -0.59*** -0.26*** 0.20** -0.41*** -0.16* 0.17*** -0.46*** -0.11
a45min-SM 0.57*** -0.17** 0.56*** 0.23*** -0.26*** 0.61*** 0.17*
b45min-SM -0.18** 0.20** 0.07 -0.26*** 0.23*** 0.13*
L24h-LM -0.04 0.25*** 0.55*** -0.09 0.07
a24h-LM 0.48*** -0.08 0.69*** 0.25***
b24h-LM 0.07 0.40*** 0.69***
L24h-SM -0.15* 0.17**
a24h-SM 0.49***
1 For abbreviations of the traits, see Table 1.
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ABSTRACT: The pH values and temperatures at 45 
min, and 3, 9, 15, and 24 h postmortem in the LM and 
semimembranosus muscle (SM) and glycolytic potential 
in LM were measured in 1,030 F2 animals from a White 
Duroc × Erhualian resource population. A whole ge-
nome scan was performed with 183 microsatellites cov-
ering 19 porcine chromosomes to detect QTL for traits 
measured. A total of 73 QTL have been identified, in-
cluding 1% genome-wise significant QTL for 24-h pH 
in LM and SM on SSC 15, and for glycolytic potential, 
total glycogen, and residual glycogen on SSC3, 6, and 
7. Six 5% genome-wise significant QTL were detected 
for 9-h pH in SM on SSC3, pH decline from 3/9 h to 24 
h in SM on SSC7, glycolytic potential on SSC1, and to-
tal glycogen on SSC1 and 6. This study confirmed QTL 
previously identified for pH except those on SSC1, 11, 
12, and X, and found 11 new 5% genome-wise signifi-
cant QTL for glycogen-related traits. This is the first 
time to report QTL for pH development during post-
slaughter and for glycolytic potential at 5% genome-
wise significance level. In addition, the observed differ-
ent QTL for pH and pH decline at different times show 
that causal genes for pH postmortem play distinct roles 
at specific stages, in specific muscles, or both. These re-
sults provide a starting point for fine mapping of QTL 
for the traits measured and improve the understanding 
of the genetic basis of pH metabolism after slaughter.
Key words:  glycolytic potential, pH, pig, quantitative trait loci, temperature
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INTRODUCTION
Meat quality traits have received much attention due 
to the fact that increased selection pressure for leaner 
pork products has resulted in inferior meat quality. Al-
though pH is not a direct consumption variable of meat 
quality, it has been implicated as a major factor influ-
encing pork quality. The pH and extent of pH decline 
can affect the extent of protein denaturation and fresh 
pork quality such as color and water-holding capacity 
(Rosenvold and Andersen, 2003; Bidner et al., 2004; 
Lindahl et al., 2006).
The pH of meat is a multifactorial trait, and its heri-
tability has been estimated to range from 0.07 to 0.41 
(Sellier, 1994). So far, 2 major genes (RYR1 and PRK-
AG3) affecting pH have been identified. The R615C 
mutation in RYR1 is associated with less pH value and 
greater temperature at 45 min postmortem, resulting in 
PSE meat (Fujii et al., 1991). The R200Q mutation of 
PRKAG3 is responsible for acid meat in Hampshire and 
Hampshire-synthetic lines (Milan et al., 2000). Howev-
er, PSE and acid meat are often observed in noncarriers 
of unfavorable RYR1 and PRKAG3 alleles, indicating 
that the genetic determinator of pH remains largely 
unknown. To date, QTL for pH at 45 min and 24 h 
postmortem have been widely studied and detected on 
all chromosomes except SSC 10 and 17 using different 
resource populations (http://www.animalgenome.org).
Muscle metabolism and pH decline processes are very 
complex and are influenced by many enzymes and regu-
lation reactions (Lundberg and Vogel, 1986; Bertram 
et al., 2001). Bowker et al. (2000) highlighted factors 
responsible for metabolism in PSE meat and the bio-
chemistry behind the transformation of muscle to meat. 
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Many factors play a role at specific stages postmortem. 
However, QTL for pH development (pH decline) during 
the whole 24-h postmortem period remain unexplored.
The aim of this study was to perform a whole genome 
scan and identify QTL for pH, pH decline, and pork 
temperature during the whole 24-h postmortem period 
in LM and semimembranosus muscle (SM) and glyco-
lytic potential in LM using a large scale White Duroc 
× Erhualian resource population.
MATERIALS AND METHODS
All procedures involving animals followed the guide-
lines for the care and use of experimental animals es-
tablished by the Ministry of Agriculture of China.
Population Structure and Management
A 4-generation resource population was developed 
and managed as described in Ren et al. (2006). Briefly, 
2 purebred White Duroc sires from the PIC compa-
ny (Zhangjiaguang, China) and 17 Chinese Erhualian 
dams were used to produce F1 animals, from which 9 
F1 boars and 59 F1 dams were intercrossed to gener-
ate 1,912 F2 animals in 6 batches from 2002 to 2004. 
Sixty-two F2 males and 149 F2 females were chosen to 
produce 1,530 F3 animals in 3 batches. Traits related 
to reproduction, meat quality, production, health, and 
appearance were recorded in F2 and F3 animals. All F0 
pigs were noncarriers of the unfavorable RYR1 (615C) 
and PRKAG3 (200Q) alleles according to a DNA test 
(Fujii et al., 1991; Milan et al., 2000).
At the experimental farm of Jiangxi Agricultural 
University, all F2 piglets were weaned at 46 d of age 
and then moved into a nursery (males were castrated 
at 90 d of age), where they received an ad libitum diet 
containing 21% CP, 3,300 kJ of DE, and 1.25% lysine. 
At 120 d of age, pigs were placed in pens that allowed 
for an average of 2 m2 per pig. The ad libitum diet was 
changed to 16% CP, 3,100 kJ of DE, and 0.78% lysine 
until slaughter. All diets were fortified with vitamins 
and minerals for the age of pig. Water was provided ad 
libitum. 
Trait Measurement
One thousand thirty F2 animals at 240 ± 3 d were 
transported and slaughtered at a commercial abattoir, 
where pigs were kept together in lairage overnight (ap-
proximate 20 h before slaughter) without food, but ad li-
bitum access to water feeders. At that time, the average 
BW was 96.31 ± 16.82 kg, ranging from 50.5 to 146.2 
kg of BW. The slaughter procedure was as follows: pigs 
were vertically suspended from a shackling chain by one 
hindlimb, exsanguinated from major blood vessels near 
the heart, scalded in hot water (about 60 to 70°C), de-
haired with a dehair machine, and cooled in cold water 
(10 to 12°C). At approximately 30-min postmortem, 
LM and SM were collected from the left side of the 
carcass and separated into several pieces for different 
measurements. Before 45-min postmortem, carcass and 
meat samples for pH and temperature measurements 
were kept in a cool room at 12°C. Subsequently, they 
were stored in a refrigerator at 0 to 4°C during the next 
24 h.
The pH values and temperatures were measured in 
LM (3 × 9 cm) between 11/14th ribs with a Delta 320 
pH Meter (Mettler Toledo, Greifensee, Switzerland) 
at 45 min, and 3, 9, 15, and 24 h postmortem. The 
pH-control system was fitted with an insertion glass 
electrode and an automatic temperature compensa-
tion probe (Mettler Toledo, Greifensee, Switzerland). A 
glass electrode was calibrated in buffers at pH values of 
7.00 and 4.01. Duplicate measurements were performed 
from the dorsal and ventral LM and their average values 
were used in the analysis. Temperature was determined 
at the middle of the samples. Measurements were also 
evaluated in SM (3 × 9 cm) at the same time and in 
the same way.
A subsample of LM between the 14/15th ribs was 
collected, bagged, labeled, and frozen in liquid nitro-
gen immediately at approximately 30 min postmor-
tem. Subsequently, all samples were stored at −80°C. 
Glycogen, glucose, and glucose-6-phosphate (G-6-P) 
concentrations were measured according to procedures 
described in Passonneau and Lowry (1993). The lactate 
concentration was determined as described previously 
(Noll, 1970). Glycolytic potential was calculated using 
the following formula: glycolytic potential (μmol/g of 
wet muscle) = 2 × ([glycogen] + [glucose-6-phosphate] 
+ [glucose]) + [lactate] (Monin and Sellier, 1985; Mar-
ibo et al., 1999b). The values for total glycogen (gly-
cogen + glucose + G-6-P; μmol/g), residual glycogen 
(glycogen + glucose; μmol/g), G-6-P (μmol/g), and 
lactate (μmol/g) and glycolytic potential were used for 
the QTL analysis in this study.
DNA Isolation, Marker Selection,  
and Genotyping
The DNA was isolated from ear tissues or blood with 
a standard phenol/chloroform method. Microsatellite 
markers were initially selected from the USDA-Meat 
Animal Research Center reference map (http://www.
animalgenome.org). A final set of 183 informative mi-
crosatellite markers covering the pig genome with a 
mean interval of 20 cM were genotyped across the en-
tire White Duroc × Erhualian resource population. One 
primer of each primer pair was labeled with fluorescent 
dyes of NED (ABI, Foster City, CA), HEX, or FAM 
(Sangon, Shanghai, China). Amplifications were per-
formed in a 15-μL reaction containing 40 ng of DNA, 
1 × buffer, 1.5 mM MgCl2, 2 mM of each dNTP (San-
gon), 200 nM of each primer, and 1 unit of Taq DNA 
polymerase (Takara, Dalian, China). The thermocycle 
conditions included 3 min at 94°C, followed by 35 cycles 
of 20 s at 94°C, 20 s at optimal annealing temperatures 
and 30 s at 72°C, and 20 min at a final extension step. 
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Amplified fragments were detected with a 3130xl Ge-
netic Analyzer and recorded by Genemapper software 
version 4.0 (ABI).
QTL Analysis
Comprehensive linkage maps were constructed with 
the Crimap version 2.4 software in a routine way 
(Green et al., 1990). The QTL analysis was performed 
using QTL express at http://qtl.cap.ed.ac.uk/ (Seaton 
et al., 2002) based on a least-squares method (Haley et 
al., 1994). The option F2 ANALYSIS was used to de-
tect single QTL with additive, dominance, or imprint-
ing effects on the 18 autosomes and additive effects 
on the X chromosome. The least squares regression 
model in the QTL analysis included the fixed effects 
of sex and batch, and a covariate of carcass weight 
for all traits measured. The F-ratios of the full QTL 
model including additive, dominance, and imprinting 
effects to the reduced QTL model without the above 
effects were obtained at 1-cM intervals across individ-
ual chromosomes. Significance thresholds at the 5 and 
1% chromosome-wise levels and 5 and 1% genome-wise 
levels were computed by permutation tests with 1,000 
permutations (Churchill and Doerge, 1994). Empirical 
95% confidence intervals for the location of QTL were 
determined using the bootstrap method through 1,000 
iterations (Visscher et al., 1996).
RESULTS AND DISCUSSION
Descriptive statistics of phenotypic measurements 
and mapping results are presented in Tables 1 and 2, 
respectively. A total of 73 suggestive QTL were de-
tected on 15 autosomes, including 49 for pH, 20 for 
glycolytic potential, and 4 for 45-min temperature. Ten 
1% genome-wise significant QTL were detected for 24-h 
pH in LM and SM on SSC15, for glycolytic potential, 
total glycogen, and residual glycogen on SSC3, 6, and 
7. Six 5% genome-wise significant QTL were mapped 
for 9-h pH in SM on SSC3, pH decline from 3/9-h to 
24-h on SSC7, glycolytic potential on SSC1, and total 
glycogen on SSC1 and 6. Each QTL explained 1 to 6% 
of the phenotypic variance. Most favorable alleles for 
pH and glycogen related traits were inherited from the 
Erhualian breed. The statistic F-curves indicating the 
genome-wise significant QTL are shown in Figure 1.
QTL for pH
Genome scans for mapping pH in LM and SM have 
been carried out using different crossbred populations 
(http://www.animalgenome.org/QTLdb/pig.html). A 
total of 70 QTL for pH in LM and SM have been de-
tected on all chromosomes except for SSC8, 10, and 17. 
In this study, we detected 49 QTL for pH (Table 2), 
which not only confirmed previously reported effects on 
18 autosomes except SSC1, 11 and 12, but also found 2 
significant associations for pH and pH decline at 71 to 
77 cM on SSC8 and at 127 to 128 cM on SSC10. The 
greater detection power could be due to a large number 
of experimental pigs and pH measured at several time 
points in this study.
A genomic region flanked by SW1562 and SW946 on 
SSC15 showed the most significant associations with 
24-h pH in LM and SM in this study (Figure 1). This 
genomic region has been characterized as a locus affect-
ing 24-h pH in a Japanese Wild Boar × Large White 
resource population (Nii et al., 2005). An adjacent re-
gion between SW1683 and SW936 has been previously 
identified as a QTL for 24-h pH in loin and ham in 
a Berkshire × Yorkshire F2 population (Malek et al., 
2001; Kim et al., 2005). The PRKAG3 was mapped 
to this chromosomal region. Strong evidence has been 
shown for significant association between 3 substitu-
tions of PRKAG3 (I199V, T30N, and G52S), especially 
I199V, and 24-h pH in the Berkshire × Yorkshire in-
tercross and commercial breeds (Ciobanu et al., 2001). 
It is noteworthy that PRKAG3 is located apart from 
the peak of F-ratios curve for 24-h pH in this study. 
White Duroc founder boars were homozygous for the 
favorable allele 199I, and Erhualian founder sows were 
all homozygous for the unfavorable allele 199V (data 
not shown), which was in contrast to breed characteris-
tics. Moreover, partial imprinting effect existed at this 
locus, which is inconsistent with the inheritance model 
of PRKAG3. Taken together, it is likely that PRKAG3 
is not the causal gene for 24-h pH in LM and SM on 
SSC15 in the present population.
To date, only 2 studies have reported QTL for pH 
decline between different time points before 24 h after 
slaughter. Edwards et al. (2008) found 4 QTL for 45-
min to 24-h pH decline on SSC3, 7, 11, and 17 in a 
Duroc × Pietrain resource population. Markljung et 
al. (2008) reported a 5% genome-wise significant effect 
and 4 suggestive effects for pH decline from 45 min 
to 3 h and from 3 h to 5 h on SSC6, 10, and 12. In 
this study, two 5% genome-wise significant QTL for pH 
decline from 3 h to 24 h and from 9 h to 24 h in SM 
were mapped to a region between SW1856 and S0066 
on SSC7 (Figure 1), indicating that the corresponding 
causal gene could have profound effects on the develop-
ment of pH. A 5% genome-wise significant QTL for pH 
decline from 45 min to 3 h on SSC6 (Markljung et al., 
2008) is in an adjacent region for pH decline from 45 
min to 24 h in this study. To our knowledge, this is the 
first time to identify significant QTL for pH decline at 
the above 5 time points.
Quantitative trait loci for pH at adjacent time points 
in 1 muscle were always identified in adjacent genomic 
regions, whereas those for pH at a specific time point 
in both tissues were detected in distinct regions. For 
instance, one 5% genome-wise significant QTL for 9-h 
pH and 2 suggestive QTL for 3-h and 15-h pH in SM 
were identified in an adjacent region on SSC3. Neither 
of these was detected on SSC3 affecting pH in LM at 
the 3 times. Quantitative trait loci for 45-min and 3-h 
pH on SSC2 and for 15-h and 24-h pH in LM on SSC15 
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were detected at the same position, whereas QTL for 
3-h and 9-h pH in SM were mapped to 3 adjacent re-
gions on SSC3, 4, and 7. Additionally, no QTL for pH 
measured at the same time points in both muscles were 
detected in adjacent regions except for 24-h pH on 
SSC15. These results clearly indicated that the quanti-
tative trait genes for pH play distinct roles at specific 
stages, in specific muscles, or both.
Another interesting result was that some QTL for pH 
showed a discordant influence at different postmortem 
stages. For example, the White Duroc allele at chro-
mosomal region (36 to 40 cM) on SSC15 increased pH 
decline from 45 min to 24 h in LM, resulting in less 24-h 
pH. In contrast, the White Duroc allele at the location 
(67 cM) on SSC2 decreased pH in LM before 3 h post-
mortem, but retarded pH decline from 3 to 24 h.
QTL for Glycolytic Potential
During the first 24-h postmortem, glycogen reserves 
in the muscle convert to lactate, and muscle metabo-
lism stops. A great amount of glycogen in the mus-
cle at slaughter provides the potential for glycolysis, 
which could result in less ultimate pH. Monin and 
Sellier (1985) proposed that glycolytic potential could 
be used as an indicator of the potential lactate forma-
tion in muscle at slaughter. Glycolytic potential levels 
explained roughly 35% to 50% of the variation in 24-h 
pH (Maribo et al., 1999b; van Laack and Kauffman, 
1999). The glycolytic potential in LM was not different 
irrespective of sampling time (Maribo et al., 1999b). 
Decreasing glycolytic potential measured at 1 h post-
mortem also improved 24-h pH and water-holding ca-
pacity (Costa et al., 1998).
So far, only 5 suggestive QTL for glycolytic potential 
have been described including 1 on SSC7 in a Meishan 
× Pietrain population (Reiner et al., 2002), and 4 on 
SSC11, 15, and 17 in a Berkshire × Yorkshire intercross 
(Malek et al., 2001). Milan et al. (2000) convincingly 
showed the causative mutation (R200Q) underlying the 
increased glycogen and low 24-pH on SSC15 in Hamp-
shire and Hampshire-synthetic lines. Moreover, Malek 
et al. (2001) detected 2 significant QTL for glycogen on 
SSC11 and 15 in a Berkshire × Yorkshire intercross, of 
Table 1. Descriptive statistics of traits related to pH, glycolytic potential, and tem-
perature in LM and semimembranosus muscle 
Trait No. Mean SD
LM
 pH at 45-min postmortem 739 6.40 0.34
 pH at 3-h postmortem 735 6.26 0.44
 pH at 9-h postmortem 742 5.91 0.33
 pH at 15-h postmortem 745 5.75 0.23
 pH at 24-h postmortem 753 5.67 0.17
 pH decline from 45-min to 24-h postmortem 739 0.73 0.34
 pH decline from 45-min to 3-h postmortem 722 0.14 0.23
 pH decline from 3-h to 9-h postmortem 725 0.35 0.24
 pH decline from 3-h to 24-h postmortem 735 0.60 0.41
 pH decline from 9-h to24-h postmortem 742 0.24 0.28
 Temperature at 45-min postmortem, °C 750 34.20 1.84
 Temperature at 3-h postmortem, °C 744 19.96 4.07
 Temperature at 9-h postmortem, °C 660 8.86 4.07
 Temperature at 15-h postmortem, °C 636 5.57 3.18
 Temperature at 24-h postmortem, °C 750 4.23 3.03
 Residual glycogen, μmol/g 960 24.03 14.15
 Total glycogen, μmol/g 960 24.18 14.26
 Glucose-6-phosphate, μmol/g 960 0.16 0.35
 Lactate, μmol/g 960 88.30 21.78
 Glycolytic potential, μmol/g 960 136.66 29.44
Semimembranosus muscle
 pH at 45-min postmortem 738 6.53 0.29
 pH at 3-h postmortem 737 6.40 0.35
 pH at 9-h postmortem 751 6.04 0.27
 pH at 15-h postmortem 747 5.86 0.23
 pH at 24-h postmortem 758 5.76 0.20
 pH decline from 45-min to 24-h postmortem 737 0.77 0.31
 pH decline from 45-min to 3-h postmortem 719 0.13 0.21
 pH decline from 3-h to 9-h postmortem 730 0.36 0.20
 pH decline from 3-h to 24-h postmortem 736 0.64 0.35
 pH decline from 9-h to24-h postmortem 750 0.28 0.24
 Temperature at 45-min postmortem, °C 726 34.27 1.62
 Temperature at 3-h postmortem, °C 731 20.16 3.95
 Temperature at 9-h postmortem, °C 617 9.15 3.80
 Temperature at 15-h postmortem, °C 731 5.12 3.43
 Temperature at 24-h postmortem, °C 731 3.80 2.83
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 pH at 45-min postmortem 2 66 — 6.34* −0.07 ± −0.02 0.06 ± −0.03 −0.01 ± −0.02 2.39
10 127 — 4.69* 0.03 ± −0.02 0.03 ± −0.03 −0.06 ± −0.02 1.61
 pH at 3-h postmortem 2 67 — 5.56* −0.09 ± −0.02 0.04 ± −0.04 −0.01 ± −0.03 2.07
14 61 — 4.58* −0.04 ± −0.02 0.11 ± −0.03 0.02 ± −0.03 1.63
 pH at 15-h postmortem 5 29 — 5.08* 0.05 ± −0.02 0.04 ± −0.03 −0.03 ± −0.02 1.95
15 59 — 5.12* −0.03 ± −0.01 0.07 ± −0.02 0.01 ± −0.01 1.95
 pH at 24-h postmortem 5 28 — 5.36* 0.04 ± −0.01 0.02 ± −0.02 −0.02 ± −0.01 1.98
6 170 — 4.45* −0.02 ± −0.01 −0.04 ± −0.01 −0.01 ± −0.01 1.59
15 40 17.5–65 8.71*** −0.05 ± −0.01 0.02 ± −0.02 −0.03 ± −0.01 3.63
 pH decline from 45-min to 3-h  
  postmortem 15 49
—
6.16* 0.05 ± −0.01 −0.06 ± −0.02 −0.01 ± −0.01 2.44
 pH decline from 45-min to 24-h  
  postmortem 2 68
—
4.91* −0.06 ± −0.02 0.06 ± −0.03 −0.01 ± −0.02 1.64
6 43 — 5.56* 0 ± −0.02 0.1 ± −0.03 −0.04 ± −0.02 1.93
7 3 — 5.11* 0.01 ± −0.02 −0.11 ± −0.03 0 ± −0.02 1.74
10 128 — 6.07* 0.01 ± −0.02 0.05 ± −0.03 −0.07 ± −0.02 2.20
15 36 — 4.54* 0.06 ± −0.02 0 ± −0.04 0.06 ± −0.02 1.54
 pH decline from 3-h to 9-h  
  postmortem 6 180
—
6.36* 0.02 ± −0.01 0.05 ± −0.02 −0.05 ± −0.01 2.39
13 74 — 4.91* −0.03 ± −0.01 0.06 ± −0.02 0 ± −0.01 1.64
 pH decline from 3-h to 24-h  
  postmortem 6 172
—
5.79* 0.05 ± −0.02 0.07 ± −0.04 −0.07 ± −0.02 2.09
7 74 — 4.79* 0.06 ± −0.02 0 ± −0.03 −0.06 ± −0.02 1.66
 pH decline from 9-h to 24-h  
  postmortem 7 57
—
6.08* 0.06 ± −0.01 0 ± −0.02 −0.02 ± −0.01 2.32
8 77 — 4.93* −0.04 ± −0.01 −0.05 ± −0.02 0.02 ± −0.01 1.75
14 68 — 5.39* −0.04 ± −0.02 0.06 ± −0.02 0.04 ± −0.02 2.03
15 118 — 5.59* −0.06 ± −0.02 −0.05 ± −0.03 −0.01 ± −0.02 2.03
 Temperature at 45-min  
  postmortem 2 18
—
5.84* 0.38 ± −0.1 0.24 ± −0.16 −0.04 ± −0.1 2.44
5 103 — 6.02* 0.21 ± −0.09 0.27 ± −0.14 0.3 ± −0.1 2.53
6 102 — 5.16* −0.26 ± −0.1 0.44 ± −0.16 0.08 ± −0.1 2.10
 Glycolytic potential 1 130 71–156.5 7.29** −3.41 ± −1.43 1.64 ± −2.34 −5.56 ± −1.42 1.75
3 42 36–49 23.91*** 13.52 ± −1.65 −7.66 ± −2.87 1.39 ± −1.6 6.36
4 108 — 4.63* −1.31 ± −1.44 7.46 ± −2.28 −2.03 ± −1.4 1.00
5 13 — 4.75* −5.28 ± −1.47 −2.65 ± −2.65 0.86 ± −1.61 1.04
6 106 43–146 8.31*** 6.99 ± −1.46 −3.06 ± −2.45 −0.85 ± −1.43 2.03
7 61 55–106.5 8.56*** 6.57 ± −1.3 0.76 ± −1.87 0.01 ± −1.23 2.10
16 16 — 4.59* 1.19 ± −1.38 5.04 ± −2.19 3.86 ± −1.41 1.07
 Residual glycogen 1 131 — 6.1* −1.81 ± −0.68 −0.13 ± −1.11 −2.23 ± −0.68 1.50
3 44 36–60 16.06*** 5.04 ± −0.76 −3.08 ± −1.3 −0.26 ± −0.74 4.55
6 97 40–189 7.48** 3.07 ± −0.69 −0.58 ± −1.16 −0.89 ± −0.68 1.91
7 58 28.5–94 7.57*** 2.85 ± −0.6 −0.48 ± −0.85 −0.04 ± −0.58 1.94
 Total glycogen 1 132 57.5–156 6.46** −1.75 ± −0.68 0 ± −1.1 −2.38 ± −0.68 1.60
3 44 36–61 16.25*** 5.08 ± −0.77 −3.15 ± −1.31 −0.25 ± −0.74 4.57
6 96 41–189 7.95*** 3.13 ± −0.69 −0.58 ± −1.16 −1.04 ± −0.69 2.04
7 58 29–86.5 8.44*** 3.03 ± −0.61 −0.53 ± −0.86 −0.01 ± −0.58 2.18
8 77 — 4.36* −1.98 ± −0.59 −1.17 ± −0.84 −0.02 ± −0.6 0.97
 Glucose-6-phosphate 6 88 — 4.31* 0.06 ± −0.02 −0.01 ± −0.03 −0.02 ± −0.02 1.02
8 59 — 6.04* −0.06 ± −0.02 −0.03 ± −0.02 0 ± −0.02 1.59
13 128 — 4.32* 0.01 ± −0.02 −0.05 ± −0.02 −0.04 ± −0.02 1.02
 Lactate 5 3 — 5.69* −3.23 ± −0.81 −1.44 ± −1.2 0 ± −0.88 1.48
Semimembranosus muscle
 pH at 45-min postmortem 8 71 — 5.28* 0 ± −0.02 −0.09 ± −0.02 0.01 ± −0.02 1.89
9 1 — 4.7* −0.04 ± −0.02 −0.04 ± −0.02 0.03 ± −0.02 1.62
 pH at 3-h postmortem 3 33 — 6.22* −0.09 ± −0.02 −0.01 ± −0.04 0.03 ± −0.03 2.34
4 63 — 6.28* −0.06 ± −0.02 −0.03 ± −0.03 −0.05 ± −0.02 2.34
7 147 — 4.24* 0.06 ± −0.02 0.04 ± −0.03 0.01 ± −0.02 1.43
8 74 — 4.7* 0.02 ± −0.02 −0.1 ± −0.03 0 ± −0.02 1.70
 pH at 9-h postmortem 3 22 6–131 6.45** −0.06 ± −0.02 −0.03 ± −0.02 0.01 ± −0.02 2.40
4 64 — 4.97* −0.04 ± −0.01 −0.03 ± −0.02 −0.03 ± −0.02 1.79
7 147 — 5.37* 0.05 ± −0.01 0.04 ± −0.02 0.02 ± −0.02 1.94
Continued
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which 1 on SSC15 was at the 5% genome-wise signifi-
cance level. These were not observed in this study. The 
major reason might be different measuring times (30 
min in this study vs. 48 h in Malek et al., 2001) and the 
different genetic basis of founder breeds.
Eight 1% genome-wise significant QTL for glycolytic 
potential, total glycogen, and residual glycogen were 
mapped to 3 adjacent regions on SSC3, 6, and 7 (Table 
2) in this study. The Erhualian alleles at these loci were 
associated with less content of glycolytic potential, to-
tal glycogen, and residual glycogen. Another two 5% 
genome-wise QTL for glycolytic potential and total gly-
cogen and 1 suggestive QTL for residual glycogen were 
detected at 130 to 132 cM on SSC1. These QTL showed 
a paternal expression pattern, and the paternal allele 
decreased phenotypic values. Suggestive associations 
with glycolytic potential were identified at 6 positions 
on SSC4, 5, 6, 13, and 16. To our knowledge, this is the 
first time to identify the above loci affecting glycogen-
related traits on the chromosomes mentioned above. It 
should be noted that glycolytic potential is associated 
with 24-h pH and a negative correlation of −0.42 (P < 
0.0001) between the 2 traits was observed in this study 
(data not shown). In those regions associated with glyc-
olytic potential, QTL for 24-h pH have also been found 
(Ovilo et al., 2002; Beeckmann et al., 2003; Yue et al., 
2003). However, we did not observe co-localization of 
QTL for glycolytic potential and 24-h pH in this study. 
This might be caused by the fact that glycolytic poten-
tial is not a unique determining factor of ultimate pH, 
and a little glycogen was not transformed to lactate 
and conserved in the meat even at 48 h postmortem 
(Malek et al., 2001).
Both a numerous-markers porcine linkage map (Davo-
li et al., 2002) and a high-resolution human-pig com-
parative map (Demars et al., 2006) in the confidence 
interval on SSC7 allow the identification of positional 
candidate genes. The pyruvate kinase gene (PKM2), 
a promising positional candidate gene, plays a crucial 
role in reduction of glycogen to lactate in mammals. 
Significant association between the c.39T > C muta-
tion in PKM2 and glycogen content at 1 h postmortem 
has been found (Fontanesi et al., 2003).
Moreover, there were 2 suggestive QTL including 1 
for glucose-6-phosphate content on SSC8 and another 
for lactate content on SSC5. So far, only 2 suggestive 
QTL for lactate content have been reported on SSC7 
and 17 (Malek et al., 2001; Reiner et al., 2002).
QTL for Pork Temperature
Pork temperature is an important trait in meat qual-
ity because high temperature followed by low pH is a 
major reason for PSE meat. Four suggestive QTL were 
found for pork temperature in LM and SM, including 
3 for 45-min temperature in LM and 1 for 45-min tem-
Table 2 (Continued). Results of QTL analysis for pH, glycolytic potential, and temperature in a White Duroc 















 pH at 15-h postmortem 2 136 — 4.32* −0.02 ± −0.01 −0.02 ± −0.02 −0.04 ± −0.01 1.35
3 23 — 5.07* −0.05 ± −0.01 −0.01 ± −0.02 −0.01 ± −0.02 1.81
 pH at 24-h postmortem 5 110 — 5.9* 0.02 ± −0.01 −0.06 ± −0.02 −0.01 ± −0.01 2.11
15 34 0–52.5 7.69*** −0.04 ± −0.01 0.02 ± −0.02 −0.04 ± −0.01 3.04
16 53 — 4.33* 0.04 ± −0.01 −0.02 ± −0.02 −0.01 ± −0.01 1.50
 pH decline from 45-min to 3-h  
  postmortem 3 48
—
4.59* 0.05 ± −0.01 −0.04 ± −0.02 0 ± −0.01 1.70
7 8 — 4.67* −0.03 ± −0.01 0.06 ± −0.02 −0.02 ± −0.01 1.70
 pH decline from 45-min to 24-h  
  postmortem 7 74
—
5.07* 0.06 ± −0.02 0 ± −0.02 −0.04 ± −0.02 1.73
9 0 — 4.82* −0.06 ± −0.02 −0.03 ± −0.02 0.02 ± −0.02 1.62
 pH decline from 3-h to 9-h  
  postmortem 7 14
—
6.33* 0.03 ± −0.01 −0.07 ± −0.02 −0.01 ± −0.01 2.33
 pH decline from 3-h to 24-h  
  postmortem 2 67
—
5.03* −0.08 ± −0.02 0.06 ± −0.03 −0.02 ± −0.02 1.72
4 75 — 5.37* −0.08 ± −0.02 −0.04 ± −0.03 0 ± −0.02 1.88
7 58 9.5–142 7.14** 0.08 ± −0.02 −0.04 ± −0.03 0 ± −0.02 2.72
10 81 — 5.13* 0.06 ± −0.02 0.06 ± −0.03 0 ± −0.02 1.80
 pH decline from 9-h to 24-h  
  postmortem 4 74
—
5.6* −0.05 ± −0.01 −0.04 ± −0.02 −0.01 ± −0.01 2.16
7 58 58–147 6.96** 0.06 ± −0.01 −0.02 ± −0.02 0.01 ± −0.01 2.72
10 82 — 5.68* 0.04 ± −0.01 0.04 ± −0.02 0.02 ± −0.01 2.16
 Temperature at 45-min  
  postmortem 12 54
—
4.44* −0.25 ± −0.09 0.15 ± −0.13 −0.17 ± −0.09 1.80
1Chr = chromosome.
2CI = confidence interval.
3Significance levels determined by permutation test: *5% chromosome-wise, **5% genome-wise, ***1% genome-wise levels.
4Percentage of the phenotypic variance explained by the QTL.
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perature in SM on SSC2, 5, and 6, respectively. To our 
knowledge, there was only one paper describing QTL 
for meat temperature before this study (Edwards et al., 
2008). They found a QTL for 45-min temperature on 
SSC9 in LM, and 3 for 24-h temperature on SSC5, 6, 
and 9 in LM.
At 54 cM on SSC12, we found a QTL for 45-min tem-
perature in SM. This genomic region harbors the solute 
carrier family 2, member 4 gene (SLC2A4, also known 
as GLUT4), of which variations showed strong associa-
tion with 45-min temperature (Grindflek et al., 2002; 
Otto et al., 2007). Thus, SLC2A4 could be considered a 
positional candidate gene for 45-min temperature.
In conclusion, we identified a total of 73 QTL for 
pH, glycolytic potential, and temperature in a large 
scale White Duroc × Erhualian F2 resource population. 
Different QTL for pH at different times reflect the in-
volvement of distinct genes in the development of pH. 
Eleven new 5% genome-wise QTL for glycolytic poten-
tial suggested that other genes besides PRKAG3 could 
affect glycogen reserves in muscle. Chromosome regions 
of QTL at the 5% genome-wise significance level will 
be further analyzed, and refinement of QTL positions 
may lead to their incorporation into marker-assisted 
selection programs.
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Summary Chinese Erhualian pigs have larger and floppier ears compared with White Duroc pigs (small,
half- or fully-pricked ears). To identify quantitative trait loci (QTL) for ear weight and area as
well as erectness, a genome-wide scan with 194 microsatellites was performed in a White
Duroc · Chinese Erhualian resource population (>1000 F2 animals). Twenty-three genome-
wide significant QTL and 12 suggestive QTL were identified. All QTL for ear erectness and size
detected in two previous studies, bar two on SSC6 and 9, were confirmed here. The 1%
genome-wide significant QTL at 70 cM on SSC5 and at 58 cM on SSC7 have profound and
pleiotropic effects on the three ear traits, with Erhualian alleles increasingweight and area but
decreasing erectness. Notably, the 95% confidence interval of the QTL for weight and area on
SSC7 spanned only 3 cM. New QTL reaching 1% genome-wide significance were found on
SSC8 (at 37 cM) for all three ear traits, on SSC4 and 16 for weight and area, and on SSCX for
area. Unexpectedly, Erhualian alleles at these loci were associated with lighter and smaller or
erect ear. Some new suggestive QTLwere also found on other chromosome regions. Almost all
the QTL for weight and area had essentially additive effects, while the QTL for erectness on
SSC2, 5 and 7 showed not only additive effects but also partial dominance effects of Erhualian
alleles. The two most significant QTL on SSC7 and SSC5 could be promising targets for fine
mapping and identification of the causative mutations.
Keywords ear traits, genome scan, pig, quantitative trait loci.
Introduction
Since the first quantitative trait loci (QTL) mapping report in
pigs (Andersson et al. 1994), 1675 QTL have been identified
for 278 traits (Rothschild et al. 2007). Most QTL studies in
pigs have targeted fat, carcass, meat quality, reproduction,
growth and health traits. A few QTL for some exterior or
conformation traits (e.g. coat colour, vertebra number and
inguinal hernia) have also been detected (http://
www.animalgenome.org/QTLdb/pig.html). Ear traits are
considered as conformation characteristics of pig breeds and
play an important role in breed distinctiveness (Ruvinsky &
Rothschild 1998). Nevertheless, so far, only two studies
have reported QTL for ear size and erectness of the pig (Guo
et al. 2004; Wei et al. 2007), and no QTL for ear weight has
been reported, although this trait is economically important
in some countries where ears are used for human and (or)
pet food. Chinese Erhualian and Meishan are two strains of
the Taihu breed, which differ significantly from western
commercial breeds in ear traits. Erhualian pigs have large
and floppy ears, while White Duroc pigs show half- or fully-
pricked and comparatively small ears. In this study, we
performed a whole genome scan in a White Duroc ·
Chinese Erhualian resource population to identify QTL
affecting ear area, erectness and weight.
Materials and methods
Animals and ear trait measurement
A four-generation resource population was created and
managed from 2000 to 2006 as described by Ren et al.
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(2006). Briefly, two White Duroc sires and 17 Erhualian
dams were mated to produce F1 animals, from which 9 F1
boars and 59 F1 sows were intercrossed (avoiding full-sib
mating) to produce 967 F2 males and 945 F2 females (total
n = 1912) in six batches. Afterwards, 62 F2 males and
149 F2 females were chosen to produce 1530 F3 animals in
three batches. In this study, a total of 1029 F2 pigs were
slaughtered at 240 days of age. Both left and right ears
were dissected and weighed separately. Each ear profile was
drawn on a sulphate paper and then scanned. Left and right
ear areas were calculated separately by the Leica Qwin area
measurement software. Ear erectness was evaluated for
1622 F2 pigs at 210 days of age based on video images that
were taken randomly for either left or right ear. Ear erect-
ness including floppy, intermediate (half-pricked) and fully-
pricked was recorded as 1, 2 and 3 respectively.
Genotyping and linkage map construction
Genomic DNA was isolated from ear clip or spleen tissue
using a routine phenol/chloroform extraction method. All
F0, F1 and F2 animals were genotyped for 194 informative
microsatellite markers covering the whole genome, which
were referred to the USDA-MARC linkage map (Rohrer et al.
1996). The polymorphisms of the markers were detected by
a 3130XL Genetic Analyzer and GENEMAPPER Genotyping
version 3.7 (Applied Biosystems). All genotype data were
used to construct a whole-genome linkage map with CRIMAP
version 2.4 (Green et al. 1990). A sex-average map with a
total length of 2344.7 cM and with an average marker
interval of 13.40 cM was constructed (Guo et al. 2009).
Statistical analysis
The QTL analyses were carried out by web-based software
QTLEXPRESS at http://qtl.cap.ed.ac.uk (Seaton et al. 2002) by
using line-cross least squares multi-marker regression
interval mapping for outbred lines (Haley et al. 1994). The
underlying statistical model assumes that the putative QTL
is diallelic, with alternative alleles fixed in each parental
breed. The Erhualian genotype is denoted QQ (with effect a),
qq represents the White Duroc genotype (with effect )a),
and Qq represents the F1 genotype (with effect d). Factors
significantly affecting ear traits were determined by the GLM
procedure of SAS 9.0 (SAS Institute Inc.) and then included in
the models as fixed effects or covariates. The statistical
model is
yi ¼ lþ batchi þ bcwi þ Caiaþ Cdid þ ei
where yi is the phenotype of ith F2 offspring; l is the pop-
ulation mean; batchi is a fixed effect of F2 population batch;
cwi is the covariate of carcass weight, which is excluded
from the QTL model for ear erectness; b is the regression
coefficient on the covariate; Cai and Cdi are the coefficients of
additive (a) and dominance (d) components, which are
equal to P(QQ) ) P(qq) and P(Qq) respectively; ei was the
residual error. In terms of more than one QTL on a chro-
mosome, the multiple QTL model was then used to analyse
each QTL separately by integrating the residual QTL effects
on the same chromosome into the model as fixed effects. For
the QTL analysis on the X chromosome, only the additive
component was considered in the model for F2 animals. The
chromosome-wise and genome-wide significance thresholds
were determined by permutation test with 1000 iterations
as described by Churchill & Doerge (1994). The empirical
95% confidence intervals (CI) for the location of QTL were
determined using a bootstrap method through 1000 itera-
tions (Visscher et al. 1996).
Results and discussion
Descriptive statistics of the traits measured are summarized
in Table 1. The F2 population showed considerable segre-
gation in these traits, and the left and right ear differed
significantly in weight and area (P < 0.0001). Details of
QTL mapping results are presented in Table 2. Twelve QTL
were identified for weight, 11 for area and 12 for erectness,
explaining about 64%, 78% and 31% of total phenotypic
variance respectively. The sum of the additive effects of QTL
for erectness was 1.66. More than half of the identified QTL
exceeded 1% or 5% genome-wide significance levels, and
some chromosomal regions (e.g. SSC 5 and 7) were asso-
ciated with two or more ear traits. The QTL graphs showing
multiple associations with these ear traits are presented in
Table 1 Descriptive statistics of the ear traits measured.
Trait Ear side No. Mean SD Minimum Maximum P (t-test)
Weight (g) L 1027 249.82 84.98 72.50 692.50
<0.0001
R 1027 257.76 85.44 100.00 605.00
L-R 1011 )7.94 26.63 )157.50 247.50
Area (cm2) L 1013 239.36 52.15 98.55 432.73
<0.0001
R 1012 236.33 50.56 88.91 429.23
L-R 1011 2.76 16.59 )86.41 79.99
Erectness 1622 1.89 0.83 1.00 3.00
L and R are the symbols for the left and right ear respectively. L-R indicates phenotypic difference between left and right ears.
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Table 2 QTL mapping results for three ear traits in a White Duroc · Erhualian resource population.
Trait SSC Ear side F-value1 Pos2 (cM) 95% CI (cM) Flanking markers Additive effect3 (SE) Dominance effect (SE) Var4 (%)
Weight 1 L 34.87** 82 64.0–92.0 SW781-S0313 21.08 (2.57) )9.26 (4.31) 2.44
1 R 33.93** 84 76.5–101.0 SW781-S0313 21.09 (2.56) )4.30 (4.31) 2.33
3 L 6.13 47 12.0–112.5 SW2021-SW2527 )8.90 (2.57) )3.49 (4.21) 0.37
4 L 48.97** 72 64.0–76.0 S0107-SW512 )23.08 (2.33) )1.79 (3.46) 3.46
4 R 43.07** 75 66.5–79.0 S0107-SW512 )22.23 (2.40) )0.56 (3.64) 2.98
5 L 177.49** 70 68.0–73.0 SWR453-SW1987 43.17 (2.30) 3.92 (3.64) 12.73
5 R 191.00** 69 59.0–72.0 SWR453-SW1987 43.89 (2.25) 4.76 (3.54) 13.46
6 L 6.52 83 21.0–182.0 S0087-SWC4 2.89 (2.14) 10.2 (3.05) 0.40
7 L 562.13** 58 57.0–60.0 SW1856-S0666 71.51 (2.14) 6.67 (3.01) 40.46
7 R 584.54** 58 57.0–59.0 SW1856-S0666 73.36 (2.15) 3.80 (3.01) 41.34
8 L 31.08** 39 33.5–48.0 SW1345-KS195 )17.69 (2.24) 0.09 (3.37) 2.17
8 R 27.98** 37 24.0–42.0 SW1345-KS195 )16.45 (2.21) )2.52 (3.28) 1.91
13 R 7.37 18 0.0–132.0 S0282-SW1378 7.91 (2.11) )1.92 (3.01) 0.45
15 L 8.83* 97 49.5–116.0 SW1683-SW1983 9.33 (2.30) 2.98 (3.64) 0.56
15 R 8.85* 96 76.0–115.0 SW1683-SW1983 9.42 (2.30) 2.62 (3.70) 0.56
16 L 11.14** 22 15.0–58.5 SW1035-SW1305 )10.28 (2.19) )0.58 (3.3) 0.73
16 R 9.00* 27 17.0–89.0 SW1035-SW1305 )10.07 (2.38) 0.02 (3.96) 0.57
17 L 5.45 27 8.0–85.5 SWR1120-SW1031 )6.35 (2.09) 3.77 (3.00) 0.32
17 R 8.07 34 13.0–52.5 SWR1120-SW1031 )9.45 (2.35) )0.80 (3.86) 0.50
X L 8.70* 53 0.0–57.0 UMNp1174-SW1426 )8.80 (2.26) 0.56
X R 6.59 53 0.0–78.5 UMNp1174-SW1426 )7.87 (2.26) 0.40
Area 1 L 50.25** 83 77.0–87.0 SW781-S0313 16.09 (1.60) )1.64 (2.72) 3.83
1 R 51.43** 82 77.0–87.0 SW781-S0313 15.51 (1.54) )4.54 (2.59) 3.84
4 L 40.26** 75 55.0–79.0 S0107-SW512 )13.47 (1.50) )2.24 (2.27) 3.01
4 R 50.15** 73 69.0–77.0 S0107-SW512 )14.15 (1.42) 0.48 (2.11) 3.71
5 L 195.77** 69 60.0–71.0 SWR453-SW1987 27.59 (1.40) 2.38 (2.20) 17.14
5 R 205.26** 61 59.0–70.0 SWR453-SW1987 26.22 (1.30) 2.93 (2.01) 17.69
7 L 396.09** 57 57.0–60.0 SW1856-S0666 38.43 (1.37) 4.12 (1.90) 45.56
7 R 418.08** 57 56.0–60.0 SW1856-S0666 37.42 (1.30) 4.58 (1.82) 47.87
7 L 10.31** 116 23.0–131.0 SW1083-S0101 6.30 (1.50) 4.10 (2.43) 1.07
7 R 10.82** 118 58.0–125.0 SW1083-S0101 5.86 (1.41) 4.63 (2.25) 1.13
8 L 42.18** 38 35.0–48.5 SW1345-KS195 )13.55 (1.48) )0.75 (2.11) 3.13
8 R 30.74** 38 35.0–42.0 SW1345-KS195 )11.08 (1.41) )0.27 (2.02) 2.20
8 L 13.25** 89 67.0–116.0 S0069-SW763 7.19 (1.40) )0.74 (1.84) 0.93
8 R 11.90** 89 64.0–89.0 S0069-SW763 6.45 (1.34) )1.51 (1.77) 0.81
11 L 6.19 14 0.0–106.0 S0385-SW1632 3.90 (1.44) 5.11 (2.36) 0.39
11 R 7.33 47 1.0–106.0 S0182-S0071 4.43 (1.28) )2.97 (1.92) 0.46
12 L 6.18 40 0.0–86.0 SW957-SW874 3.63 (1.32) 4.20 (1.90) 0.39
16 L 10.90** 29 12.0–54.0 SW1035-SW1305 )7.02 (1.51) )0.71 (2.59) 0.74
16 R 12.14** 24 14.0–55.0 SW1035-SW1305 )6.67 (1.35) 0.24 (2.13) 0.82
X L 56.26** 56 53.0–59.0 UMNp1174-SW1426 )10.49 (1.40) 2.08
X R 57.92** 56 51.0–62.0 UMNp1174-SW1426 )10.21 (1.34) 2.10
Erectness 1 39.45** 104 82.0–114.0 S0313-SW745 )0.24 (0.03) 0.04 (0.04) 3.28
2 17.00** 76 72.0–84.0 SW1370-SW1695 )0.14 (0.02) )0.07 (0.04) 1.36
3 8.46 31 20.0–125.0 SW2021-SW2527 )0.12 (0.03) )0.10 (0.05) 0.63
5 74.49** 61 57.0–73.0 SWR453-SW1987 )0.30 (0.03) )0.09 (0.04) 6.26
7 185.96** 57 56.0–60.0 SW1856-S0666 )0.47 (0.02) )0.12 (0.04) 15.76
8 5.91 39 3.0–100.0 SW1345-KS195 0.09 (0.03) 0.04 (0.04) 0.42
8 8.03 106 28.0–122.0 SW763-SW790 )0.11 (0.03) 0.05 (0.04) 0.59
9 6.37 34 1.0–124.0 SW21-SW2401 )0.09 (0.02) 0.02 (0.04) 0.46
11 6.10 3 0.0–88.0 S0385-SW1632 )0.09 (0.03) 0.04 (0.04) 0.43
12 10.73** 86 16.5–86.0 S0090-SWC23 )0.13 (0.03) 0.01 (0.05) 0.82
18 9.26* 9 0.0–67.0 SWR414-S0120 )0.11 (0.03) 0.03 (0.04) 0.70
X 6.03 54 28.0–89.0 UMNp1174-SW1426 0.05 (0.02) 0.43
L and R are the symbols for the left and right ear respectively.
1* and ** refer to 5% and 1% genome-wide significance levels respectively. Threshold F-values for the suggestive level, 5% and 1% genome-wide
significant levels were 5.28, 8.47 and 10.35 for ear weight, 5.29, 8.58 and 10.14 for ear area and 5.25, 8.54 and 10.43 for ear erectness.
2Position.
3Positive additive effects indicated that the Erhualian alleles increased phenotypic values.
4Percentage of phenotypic variance explained by the QTL.
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Fig. S1. High or moderate correlations were observed
among the three traits measured: 0.86 between weight and
area, )0.53 between weight and erectness and )0.54
between area and erectness. Hence, the overlapping QTL
presumably resulted from pleiotropic effects at the same
locus. It should be noted that some QTL specifically affected
a single trait, although many QTL had common effects on
two or three ear traits. Such trait-specific QTL above 5%
genome-wide level included those on SSC15 for ear weight,
SSC7 (at 116 cM) for ear area, SSC2 (F = 76) and SSC18
for ear erectness. These results indicate the existence of
differences in genetic control of these ear traits. Several
suggestive QTL also showed effects only for left or right ear.
However, they may be artefacts of the statistical model as
they had relatively small effects.
In a previous study, all QTL alleles increasing size and/or
decreasing erectness originated from Chinese Meishan pigs
in the cross between Large White and Meishan (Wei et al.
2007). In this study, Erhualian alleles at the majority of
QTL had similar effects on the traits. However, we found
that Erhualian alleles at the QTL on SSC4, 8 (at 37 cM), 16
and X reduced ear weight and area and elevated ear shape,
which is in contrast to the breed characteristics. The reason
for this remains unknown.
Size and erectness had also been analysed in the
Meishan–Large White F2 population (Wei et al. 2007),
showing evidence for three 1% significant QTL on SSC1, 5
and 7, and three suggestive QTL on SSC6, 9 and 12. Almost
all these QTL were confirmed here despite some differences
in F-value, 95% CI and QTL effect between the two studies.
These results are not unexpected, because the genetic
background of founder lines is similar in the two studies.
Both Meishan and Erhualian pigs belong to the Taihu breed,
and show quite similar conformation characteristics and
performance traits (Zhang et al. 1986). Moreover, the
dominant white locus was introgressed from the Large
White breed to the White Duroc line used here.
As already pointed out by Wei et al. (2007), these ear
traits are controlled by two or three QTL with major effects
and a few QTL with small effects. In this study, the largest
effect was found in the central region of SSC7 (57–60 cM),
explaining more than 40% of variance in weight and area
and 15.7% of variance in erectness. The 95% CI of the QTL
(3–4 cM) is far less than the 19 cM reported in Wei et al.
(2007). This QTL region is of significant interest because it
showed strong and multiple associations with many con-
formation traits such as head weight, carcass weight and
length and liver weight in both the White Duroc · Erhua-
lian intercross (data not shown) and other resource popu-
lations (http://www.animalgenome.org/QTLdb/pig.html).
The QTL on SSC5 had the second-largest effect on the ear
traits, whereas it was themost prominent QTL in the previous
study (Wei et al. 2007). The phenotypic variance explained
by the QTL in this study was about one-third to one-half of
that explained by the SSC7 QTL. Erhualian alleles at the two
major QTL on SSC7 and SSC5 increasedweight and areawith
solely additive effect, and reduced erectnesswith both additive
effect and partial dominance effect.
Wei et al. (2007) found that SSC1 harboured a suggestive
QTL for size with merely additive effect and a 1% significant
QTL for erectness with the dominant Meishan allele for flop
ears. In comparison, the QTL on SSC1 revealed herein have
no dominance effect and reached the 1% genome-wide
significance level for all traits (F > 30).
At 82 cM on SSC6 (between SW781 and S0313), a
putative QTL only exhibiting significant dominance effect
was detected for left ear weight, which was consistent with
the previous finding (Wei et al. 2007). We noticed that Guo
et al. (2004) revealed a sole QTL for erectness at the 1%
genome-wide level at the end of SSC6 (between SW1881
and SW322) in a commercial population. However, this
QTL was not confirmed here or in the study of Wei et al.
(2007). The discrepancy is most likely attributable to the
different founder animals used in these studies.
Besides the coincidently mapped QTL mentioned above,
this study uncovered some new QTL for three ear traits on
SSC8 (at 37 cM) and X, for ear weight and area on SSC4
and 16, for ear area and erectness on SSC8 (at 89 cM) and
11, and for one of the ear traits on SSC2, 3, 7 (at 116 cM),
13, 15, 17 and 18. Each of them explained less than 3% of
phenotypic variance, except for the SSC4 QTL.
Interestingly, significant QTL on SSC4, 5, 7 and X for ear
traits were also characterized as major QTL affecting backfat
thickness in the present population (data not shown). The
partial correlation coefficients between ear weight (or area)
and backfat thickness at shoulder, 6–7th ribs, first lumbar
and hip joint ranged from 30 to 45% (P < 0.001, data not
shown) after correction for carcass weight. Fine mapping
and (or) the identification of the genes involved are required
to address whether fatness traits and ear traits are regulated
by the same or distinct loci in these regions.
Ear defects such as abnormal size and shape have been
observed across species (Nordby 1930; Djorbineva et al.
1985; Bongers et al. 2001). Two candidate genes have
been discussed by Wei et al. (2007): the bone morphogenetic
protein 5 (BMP5) gene on SSC7 and the growth differenti-
ation factor 11 (GDF11) gene on SSC5. However, we noted
that the BMP5 gene was not located within the QTL
interval [SW1856-S0666 (GenBank accession no.
AJ54216)] on SSC7 (Barbosa et al. 2004). Besides the
BMP5 and GDF11 genes, there are several interesting
positional candidate genes for ear size and shape. Fibro-
blast growth factors (FGFs) are essential for ear develop-
ment (Colvin et al. 1996; Fritzsch et al. 2006; Schimmang
2007; Urness et al. 2008). FGF2 and the fibroblast growth
factor receptor 3 (FGFR3) gene are both close to the sig-
nificant QTL for ear size at 89 and 38 cM respectively.
Mutations in the interferon-inducible double-stranded RNA-
dependent activator (PRKRA) gene on SSC15 result in
reduced ear size, microtia and hearing impairment in mice
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(Rowe et al. 2006). Most patients with the human chro-
mosome (HSA) 22q11.2 deletion syndrome (22q11DS)
have middle and outer ear anomalies (Arnold et al. 2006),
and the HSA22 region is orthologous to SSC5p. Moreover,
heterozygous mutations in the chromodomain helicase DNA-
binding protein 7 (CHD7) gene have been identified in about
60% of individuals diagnosed with CHARGE syndrome,
which is a disorder characterized by ear anomalies (Win-
cent et al. 2008), and this gene resides in the SSC4 QTL
interval. In the future, comparative genomics combining
the QTL fine mapping will facilitate the positional candi-
date gene research for these identified QTL.
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Figure S1 Plots of the F-values indicating genome-wide
significant QTL on SSC1, 5, 7, 8 and X. The y-axis repre-
sents the F-value. Because of similar QTL curves for weight
and area of left and right ears, only QTL graphs for their
average phenotypes are shown here for clarity.
Please note: Wiley-Blackwell is not responsible for the
content or functionality of any supporting information
supplied by the authors.
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Figure S1: Plots of the F-values indicating genome-wide significant QTL on SSC 1, 5, 7, 8 
and X. The y-axis represents the F-value. Because of similar QTL curves for weight and 
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Abstract 
Background: Variations in recombination fraction (θ) among chromosomal regions, 
individuals and families have been observed and have an important impact on 
quantitative trait loci (QTL) mapping studies. Such variations on porcine chromosome X 
(SSC-X) and on other mammalian chromosome X are rarely explored. The emerging 
assembly of pig sequence provides exact physical location of many markers, facilitating 
the study of a fine-scale recombination landscape of the pig genome by comparing a 
clone-based physical map to a genetic map. Using large offspring of F1 females from two 
large-scale resource populations (Large White ♂ × Chinese Meishan ♀, and White Duroc 
♂ × Chinese Erhualian ♀), we were able to evaluate the heterogeneity in θ for a specific 
interval among individual F1 females. 
Results: Alignments between the cytogenetic map, radiation hybrid (RH) map, genetic 
maps and clone map of SSC-X with the physical map of human chromosome X (HSA-X) 
are presented. The most likely order of 60 markers on SSC-X is inferred. The average 
recombination rate across SSC-X is of ~1.27 cM/Mb. However, almost no recombination 
occurred in a large region of ~31 Mb extending from the centromere to Xq21, whereas in 
the surrounding regions and in the Xq telomeric region a recombination rate of 2.8~3.3 
cM/Mb was observed, more than twice the chromosome-wide average rate. Significant 
differences in θ among F1 females within each population were observed for several 
chromosomal intervals. The largest variation was observed in both populations in the 
interval UMNP71-SW1943, or more precisely in the subinterval UMNP891-UMNP93. 
The individual variation in θ over this subinterval was found associated with F1 females’ 
maternal haplotypes (Chinese pig haplotypes) and independent from paternal haplotype 
(European pig haplotypes). The θ between UMNP891 and UMNP93 for haplotype 1122 
and 4311 differed by more than fourteen-fold (10.3% vs. 0.7%).   
Conclusion: This study reveals marked regional, individual and haplotype-specific 
differences in recombination rate on SSC-X. Lack of recombination in such a large 
region makes it impossible to narrow QTL interval using traditional fine-mapping 
approaches. The relationship between recombination variation and haplotype 
polymorphism is shown for the first time in pigs.  
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1. Background 
Recombination rate can vary dramatically among species, among chromosomes within 
species, among regions within chromosomes, and among individuals and families within 
regions in mammals [1]. These variations may have important consequences for the 
accuracy of marker assisted selection, genetic diagnosis and for the success of positional 
cloning or positional identification of disease gene and quantitative trait loci (QTL) [2]. 
Noor et al. [3] demonstrated that variance in recombination rate across a genome can 
cause systematic biases in the interpretation of mapping results.  
The mammalian chromosome X contains a disproportionately high number of genes 
and QTL influencing development, female/male fertility, reproduction and diseases 
(OMIM, http://www.ncbi.nlm.nih.gov/Sitemap/index.htmlOMIM; OMIA, 
http://morgan.angis.su.oz.au/Databases/BIRX/omia/, [4, 5]), notably in pigs 
(http://www.animalgenome.org/cgi-bin/QTLdb/SS/draw_chromap?chromos=x). For 
example, Milan et al. [6] detected a few major QTL on the porcine chromosome X (SSC-
X) that explained more than 40% of the F2 phenotypic variation for backfat weight and 
muscle contents in a Large White×Meishan pig resource population. Identification of 
causal genes underlying these QTL could have great economic significance for pig 
industry. It could also provide very valuable insights on the genetic regulation of fat 
deposition in mammals. However, this purpose can hardly be achieved because, so far, 
little is known about between-region, individual and family variation in recombination 
that occurs on SSC-X.  
The increasing wealth of genetic and physical mapping data makes it possible to 
detail precisely patterns of recombination on SSC-X. The larger the family, the more 
reliable is the estimation of genetic distance. Physical distance between markers can be 
estimated by radiation-hybrid (RH) mapping, while its exact value will be determined on 
the complete genome sequence [7].  
Sperm typing studies have revealed significant variations between individual human 
males [8] and between individual bulls [9, 10] in the fine-scale rate of crossing over. Such 
studies, however, can only be performed on male recombination, so the only access to 
fine-scale patterns of female recombination could only be obtained through a classical 
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analysis of families [11]. A valuable case for such a study is the X chromosome, because 
it is only there that female recombination occurs in the absence of male recombination 
[12]. So far, pedigree studies have identified variation in the global recombination rate 
(total genetic-map length) among mothers and shown that the variation is heritable, 
suggesting that there are some underlying components determined by both genetic and 
environment factors that affect maternal recombination rates [13, 14]. However, no study 
to date has documented the variation in fine-scale rate among females, due to the limited 
number of children per mother [15]. Fortunately, the higher fertility of pig compared to 
other mammalian species effectively increases the sample size of meiotic products that 
can be obtained from individual females, permitting direct comparisons between animals. 
Heterogeneity in recombination rate between the same loci on different linkage maps 
may represent genetic variation in some aspects of the meiotic recombination machinery 
among individuals of different mapping pedigrees. This variation may be multifactorial, 
including differences in sex, genetic background, haplotype, age, recombination-
promoting sequences, chromosome size, sequence homology, and sites for initiation of 
chromosome pairing [10]. For instance, the presence of recombinational hotspots within 
mouse major histocompatibiltiy complex (MHC) have been detected in some specific 
MHC haplotypes [16, 17], therefore the frequency of recombination in this region can 
vary among individuals or strains carrying different haplotypes.    
Previously, Large White ♂ × Chinese Meishan ♀ (LW×MS) and White Duroc ♂ × 
Chinese Erhualian ♀ (WD×ER) F2 intercross populations have been established by INRA 
in France [18] and Jiangxi Agricultural University (JXAU) in China [19], respectively. 
Based on their sufficient number of offspring (and thus meioses) per F1 sow, we were 
able to estimate recombination rate over X chromosome intervals by comparing genetic 
and physical maps. Then we studied the level of heterogeneity in broad-scale and fine-
scale recombination fraction between individual F1 females, and finally explored its 
relationships with differences in maternal and paternal haplotypes of F1 females 
transmitted from Chinese and European F0 founders.  
2. Results 
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2.1. Estimation of the most likely marker order and regional variation in 
recombination rate along SSC-X based on comparison of maps  
We used a total number of 60 markers in this study. Among them 33 were developed for 
this study (see “Material and Methods” and Supplementary Table 1). In addition to 16 
previous ones, 19 new markers were mapped on IMpRH radiation hybrid panel. Twenty-
eight and 27 markers were mapped on INRA and JXAU families respectively, 21 markers 
being mapped on both pedigrees. The sequence of 54 markers matched sequences from 
Sscrofa8 assembly available on the Ensembl website, and 50 marker-containing BAC 
clones were anchored on the human physical map. Table 1 shows the positions of 
markers on the porcine cytogenetic map, clone map, genetic map and RH map and on the 
human physical map. The consensus order was chosen as the order consistent with the 
majority of the maps. There is a very high conservation of marker order between the 
human physical map and the pig clone map, except for two small segments (UMNP71-
UMNP1218 and ACSL4-MCST96O22). For these two segments, both current swine 
genetic map and RH map support the marker orders determined on the human physical 
map rather than those on the pig clone map, suggesting possible mistakes in the pig 
sequence assembly, unless chromosome inversions occurred in the DNA of the Duroc pig 
selected for sequencing.  
An accurate genetic map is crucial for QTL analysis [13]. Notably, the present marker 
segment SW259-SW1994-SW1426-SW1522 observed on both INRA and JXAU genetic 
maps is reversed on the USDA-MARC genetic map [20] (Table 1), but is in accordance 
with both physical and RH maps, supporting the accuracy of our linkage map. Moreover, 
as mentioned previously by McCoard et al. [21], SW2476 was also placed wrongly on the 
USDA genetic map, which is revealed by its location on RH and physical maps (Table 1). 
The INRA genetic map covered most of the chromosome length from SW980 (in 
Xp24) to S0218 (in Xq25). The ratio between the genetic and physical map is of 1.02 
cM/Mb (111.4 cM for 109.3 Mb, Table 1). Two additional markers SW949 and SW2588 
located at both ends in the Xp24/Yp pseudoautosomal region and Xq26 respectively were 
also mapped on JXAU families. The region from SW949 to SW2588 covers 126 Mb and 
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160 cM on JXAU genetic map (Table 1), thus corresponding to an overall average 
recombination rate of 1.27 cM/Mb.  
Regional variation in recombination rate along SSC-X is shown on Figure 1. Patterns 
of recombination appears very similar in the two populations. However, there are marked 
differences in the recombination rate between SSC-X regions. An extensive region (B) of 
very low recombination rate is especially striking (Figure 1). Between SW259 and 
UMNP71 (even extend to UMNP1218), a fragment of more than 30 Mb represents only 
0.1-0.45 cM (Table 1), which corresponds to a ratio of 0.015 cM/Mb. Only one 
recombination event out of 1027 meioses from the INRA population occurred in this 
region (recombination happened between SW259 and SW1994). There were 6 
recombination events out of 1338 meioses in the JXAU population, occurring in the 3 
fragments flanked by markers SW259, SW1994, UMNP71 and UMNP1218.  
Two regions (A and C; Figure 1) flanking the recombinationl coldspot, as well as the 
Xq telomeric region (D), show a rate of 2.8-3.3 cM/Mb, which was more than two-fold 
the value observed over the whole chromosome. The three regions may harbor 
recombination hotspots. Indeed, the fragment MCSE231M24-MCST96O22 within the 
region C presents an even higher ratio (3 cM for 510 kb ≈ 5.9 cM/Mb). In order to 
precisely map the potential recombination hotspot, we further developed two additional 
microsatellite markers (MCSE12P4.1041 and MCSE12P4.0112) using the available 
partial sequence of one BAC clone (CH242-12P4; Genbank accession: CU618307) 
located in this region. As the fragment between the two markers is ~135 kb long 
(estimated from its size of 8.4 cR12000 on the 12000-rad IMNpRH2 map having a 
resolution of 16.3 kb/cR in the region) and as it spans ~1.1 cM on INRA genetic map (11 
recombination events out of 1060 meioses), the recombination rate increases to 8.2 
cM/Mb in this segment.  
2.2. Variability of recombination rate between F1 females and populations 
2.2.1. Identification of linkage heterogeneity in  different regions of >10 cM on SSC-X  
We initially detected heterogeneity in recombination fraction (θ) for large regions among 
F1 sows of the INRA family using Morton's likelihood ratio test [22] (Table 2). 
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Significant differences among the 17 F1 sows were observed only in three noncontiguous 
intervals defined by SW1903-SW2456 (21.6 cM; P = 0.005), by UMNP71 -SW1943 (24.2 
cM; P = 0.002) and by SW1608-S0218 (12.8 cM; P = 0.038), denoted respectively LH-1, 
LH-C and LH-2 on Figure 1.  
For JXAU population, individual variability of θ among 59 F1 females was significant 
for the three intervals SW949-SW980 (16.0 cM; P = 0.037), SW2456- SW259 (14.7 cM; P 
= 0.042), SW1943-SW1608 (13.4 cM; P = 0.012; denoted LH-3 on Figure 1), and was 
close to significance for LH-C (22.2 cM; Pi = 0.068). Only LH-C (P = 0.017) and LH-3 
(P = 0.026) regions exhibit linkage heterogeneity when considering only the 40 F1 
females having at least 20 children. 
For all the regions of SSC-X, no significant difference was identified between the 
average rates calculated on INRA and JXAU families, except for the interval SW980-
SW1903 (P = 0.005). This interval covers a distance of 23.7 cM on INRA population in 
contrast to 30.6 cM on JXAU population (Table 1), with thus recombination rates of 1.7 
and 2.2 cM/Mb respectively (Figure 1). This result agrees with previous observations 
showing that large-scale recombination pattern and hotspots tend to be conserved among 
human populations [23, 24].   
2.2.2. Fine mapping of the fragment showing linkage heterogeneity within the region 
UMNP71-SW1943 
The interval UMNP71-SW1943 (LH-C) is of particular interest to us, because its linkage 
heterogeneity was highly significant in both populations and because many QTL have 
been mapped around this area (http://www.animalgenome.org/cgi-
bin/QTLdb/SS/draw_chromap?chromos=x). We tried to narrow down this region 
showing linkage heterogeneity using additional markers. In the INRA population, only 
one sub-interval UMNP891-UMNP93 (5.9 cM; P = 0.001; Table 3) exhibited statistically 
significant linkage heterogeneity among F1 females, whereas other areas UMNP71-
SW1426 (2.9 cM; P = 0.054), SW1426-UMNP891 (7.7 cM; P = 0.349) and UMNP93-
SW1943 (5.9 cM; P = 0.458) did not. Therefore, the variation observed on the sub-
interval UMNP891-UMNP93 explains most of the difference observed on the region as a 
whole. 
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Similarly, significant difference in θ for the interval UMNP891-UMNP93 (5.6 cM; P 
= 0.006) was also observed among F1 females from JXAU population. Unfortunately, in 
this population, UMNP891 was not informative for some F1 females and UMNP93 was 
not genotyped for all samples. Thus, the heterogeneity was tested and confirmed on a 
larger set of meioses using the two flanking markers MCST96O22 and MCSI0244D12 (P 
= 0.002). Linkage heterogeneity was not detected in other intervals UMNP71-SW1426 
(3.4 cM; P = 0.204), SW1426-MCST96O22 (7.0 cM; P = 0.730) and MCSI0244D12-
SW1943 (2.7 cM; P = 0.778).  Relatively higher P values in these sub-intervals obtained 
herein could explain why linkage heterogeneity for the overall interval UMNP71-SW1943 
was less significant in the JXAU population than in the INRA population. 
The interval UMNP891-UMNP93 was divided into several sub-regions by adding 4 
markers (MCSE347J6, BE80C18FB136W, SW1522 and BE185O8FB63S) genotyped in 
the INRA population. Recombination events occurred in each sub-region and difference 
in θ among them was no more significant. It should be however pointed out that only 
marker MCSE347J6, which is located at 1.1 cM from UMNP891, is informative for all 
INRA F1 females. The fragment showing a high linkage heterogeneity in the LH-C region 
might be slightly narrowed down to MCSE347J6-UMNP93 (~4.6 cM on average for 4 
Mb), as the P value for it was 0.0012, only slightly higher than that for the interval 
UMNP891-UMNP93 (P = 0.0010). 
2.2.3. Variation in recombination fraction for the interval UMNP891-UMNP93 within 
an INRA family consisting of 4 F1 full-sisters 
The most significant difference in θ for the interval UMNP891-UMNP93 among F1 full-
sisters was observed in subfamily No.1 (P = 0.0026; Table 3). If this subfamily is 
excluded from the whole pedigree, the remaining 13 F1 females will no longer show 
significant variability of θ in the region (P = 0.062). While excluding any other subfamily 
does not suppress the significance of recombination variability. This indicates that the 
subfamily No.1 contributes the most to the recombination variation observed in the whole 
pedigree. Moreover, this subfamily exhibits significant linkage heterogeneity in the 
interval UMNP71-UMNP891 (P = 0.0019), consequently resulting in a more highly 
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significant difference in θ within the overall interval UMNP71-SW1943 (P = 0.0004; 
Table 2; Figure 2). 
All F1 full-sisters inherited the same paternal X chromosome from LW boars whereas 
they have inherited one or the other maternal X chromosome from MS sows. We noticed 
that in the subfamily No.1, three F1 full-sisters (910002/9/10) carrying the same maternal 
haplotype (1122) within the interval UMNP891-UMNP93 tended to have higher θ (5%, 
14%, and 13%, respectively; Table 3). Among these three full-sisters, the relatively low 
recombination rate observed for 910002 in this interval may result from interference as a 
high crossover rate was observed in the neighboring region (Figure 2). In contrast, the 
last full-sister 910013 inherited the other maternal haplotype (4311) and had no 
recombination in this region at all. No other F1 females carried the haplotype 1122. 
However, 910013’s relatives 910018 and 910097 who also carried the maternal haplotype 
4311 exhibited very low θ too (0 and 1 recombination out of 46 and 37 meioses 
respectively; Table 3). Based on the knowledge of parental relationship since the 
importation of Meishan animals in France and of the genotypes obtained on some key 
Meishan ancestors, we can show that the haplotype 4311 observed in the three females 
910013, 910018 and 910097 is highly likely to represent an identical by decent (IBD) 
(See supplementary figure 1 and 2),.  
2.3.  Impact of maternal and paternal haplotypes on recombination rate variation 
Seventeen F1 females from the INRA population were grouped by their maternal (MS) or 
paternal (LW) haplotypes in the interval UMNP891-UMNP93, respectively (Table 3). 
The linkage heterogeneity is strongly significant among sets of F1 females grouped 
according to the Chinese haplotype inherited from their mother (P = 0.0001), whereas no 
heterogeneity is observed when F1 females are grouped according to the European 
haplotype inherited from their father (P = 0.580). The θ for haplotype 1122 and 4311 
differed by more than fourteen-fold (10.3% vs. 0.7%). We indentified after genotyping 
additional SNPs, that the only one recombination (seen in a child of 910091) occurring in 
a 4311 haplotype happened at the end of fragment between markers BE371L5-0001Y1 
and BE219E21-0003M1. Thus globally, no recombination occurred in about 5 Mb in the 
haplotype 4311 in the 138 meiotic events. The most frequent maternal haplotype found in 
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F1 females was 1222, with an average θ of 5.5 %, a value equivalent to the average θ for 
all haplotypes. 
Similar results on linkage heterogeneity were obtained on the JXAU population for 
the interval MCST96O22-MCSI0244D12 (Table 4). All JXAU F1 females were grouped 
into two paternal half-sib families according to only two WD boars (0F11 and 0F21) 
mated with ER sows. No significant difference (P = 0.414) in θ was found between these 
two group of families. Within each of the two groups, when F1 females were also 
grouped according to the haplotype inherited from their Erhulian mother, a significant 
difference was put in evidence within 0F21 family (P = 0.002) but not in 0F11 family (P 
= 0.195). This latter result might be simply due to a smaller sample size for 0F11 family. 
The θ for the same maternal haplotypes (except for haplotype 9512116 whose sample 
sizes were small) from different paternal families did not differ significantly either (P > 
0.05). Almost no common Chinese haplotype in this interval was shared between F1 
females of INRA and JXAU populations.  
3. Discussion 
3.1.  Comparative map 
To date, the pig RH map - human comparative map is not available for X/Y 
chromosomes in the pig QTL database (http://www.animalgenome.org/cgi-
bin/QTLdb/SS/link_rh2hs?chromos=X), therefore the SNP sequence matches to human 
genome cannot be easily aligned to the QTL map. Here, we provide the links between the 
pig RH map, the pig clone map and the human physical map, which will facilitate the 
search for candidate genes for traits of interest by fine comparison of the porcine regions 
with corresponding segments of human genome and will enable to understand the 
evolution of these chromosomes. Comparison of the pig and human X chromosome maps 
revealed remarkable conservation of sequence order along the entire X chromosomes, 
including the location of the centromere. This is the same case for horse X chromosome 
[25], whereas some breakpoints and chromosomal rearrangements were found when 
comparing mouse and human or cow and human X chromosomes. 
(http://www.ensembl.org/Homo_sapiens/Location/Synteny?otherspecies=Bos_taurus&r=
X%3A151175332-151275332; [26]).    
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3.2.  Regional variation in recombination rate 
In the present study, we identified considerable variation in regional recombination along 
SSC-X. A large recombination coldspot beside the centromere of X chromosome has 
been previously reported for human [27, 28] and suggested for pig by alignment of 
USDA linkage map and cytogenetic map 
(http://www.marc.usda.gov/genome/swine/htmls/Chromosomexy.html; [20, 21]) This 
study not only confirms that this coldspot exist in pigs, but also shows its exact extension 
(SW259-UMNP1218; ~31 Mb) and recombination fraction (<0.4 cM), which is likely to 
be longer and “colder” than the counterparts in other mammals, like human (a region of 
17 Mb and 1 cM) [28].  The coldspot can not be completely explained by a “centromere 
effect”, as the centromere is only at one end of the coldspot. Shashi et al. [29] reported a 
three-generation human family with a large pericentric inversion of the X chromosome. 
Recombination was observed only at the telomeric regions Xp22 and Xq27-28, outside 
the inverted region, and fertility was not obviously affected in the carriers of this 
inversion. Whether there is a chromosomal inversion on SSC-X in European or Chinese 
pigs, leading to low recombination will need further investigation.  
In rat and mouse, the X chromosome has lower recombination rate than the autosomal 
average and HSA-X has a rate very near the human genome-wide average [1], whereas 
we found that the average rate across SSC-X was a bit higher than the global level of pig 
genome (~1.27 cM/Mb vs. ~0.92 cM/Mb for female-specific [19]). This might be 
attributable to several regions of higher recombination that would compensate for the 
broad "cold" region on SSC-X. Such possible regions mainly distribute at neighborhood 
sites of the coldspot and near telomeres. We fine mapped such a hotspot in the clone 
CH242-12P4 within Xq22 region, with a rate as high as 8.2 cM/Mb. Therefore, the 
smaller the interval examined, the greater the regional variation in recombination rate. On 
the HSA-X, 608 hotspots mapped within 5 kb [30]. However, hotspots are not conserved 
among species [15, 31]. 
3.3. Inter-individual, inter-family and inter-population variation in recombination 
rate 
We noticed two differences between the INRA and JXAU results. First, the genetic 
length of the interval SW980-SW1903 differed significantly between the two populations 
 
Chapter 5 - recombinational landscape of SSCX
64
(23.7 vs. 30.6 cM). Second, some intervals (such as SW1903-SW2456) showing 
significant linkage heterogeneity among individuals were population-specific.  
On the other hand, there are strikingly consistent findings that the individual 
variability of recombination rate in the interval UMNP891-UMNP93 is significant in both 
populations. To our knowledge, the present study is the first to provide evidence of 
differences in fine-scale recombination rate among females, supporting the fact that 
genome-wide recombination rate varies substantially among women [13, 14].  
3.4. Haplotype effect on recombination 
Some early studies have documented that meiotic recombination in MHC region is likely 
to depend on haplotypes [16, 17].  Now, we found the distribution of crossovers in the 
interval UMNP891-UMNP93 also obeys this principle. Moreover, the recombination 
variation in this interval only resulted from the maternal haplotypes (Chinese pig 
haplotypes) rather than the paternal haplotypes (European pig haplotypes) of F1 females. 
Due to the structure of the two pedigrees used in this study, it is not possible to formally 
differentiate an haplotypic effect from a parental effect (maternal versus paternal). 
However, altogether an haplotypic effect among the different Asian haplotypes seems the 
most plausible. Such an effect could be explained by a simple global inversion of ~5 Mb 
in the haplotype 4311 or by differences in the sequence of the different haplotypes. 
Cytogenetic analysis will be further required, but we don’t think that all differences in the 
recombination rate could be explained by a simple chromosomal fragment inversion as 
differences in the recombination rate are identified in both populations, whereas the 
Chinese haplotypes in segregation in both populations are completely different. We were 
not able to provide this cytogenetic evidence on the animals of this study as we did not 
froze cells to prepare metaphases. The differences in the recombination rate among 
haplotypes might be due to DNA sequence divergence in Chinese pigs, different 
chromatin structure, imprinting and/or their interactions. At present we cannot rule out 
either possibility. The genetic basis of recombination variation has not been fully 
understood. For human, specific DNA motifs and repeats is strongly associated with 
recombination rate, while there is no association between recombination rate and DNaseI 
hypersensitivity [32, 33]. And the evidence for a link between imprinting and 
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recombination rate is currently weak [2, 34]. The future availability of the porcine 
reference sequence will likely help us to understand the basis of this linkage 
heterogeneity.  
3.5. Consequence of variation in recombination rate for QTL mapping     
Lack of recombination in almost one-fourth of SSC-X is a serious problem for 
interpretation of QTL mapping results and fine mapping of these QTL, as many genes in 
the “cold” region may be associated with a quantitative trait. In fact, a noticeable 
clustering of QTL, especially of the “major” QTL, is observed near the centromere 
(http://www.animalgenome.org/cgi-bin/QTLdb/SS/draw_chromap?chromos=x; [6, 35]).  
This might be attributable to the extraordinary high gene density per centiMorgan in the 
region with different genes with polygenic effect acting as a single strong QTL effect. 
This situation would be consistent with the conclusion made on human by Boyle et al. 
[36]. In that case, if the causative mutations can not be identified, the haplotype block 
could be globally eliminated or selected in Marker Assisted Selection programs. For QTL 
mapped in a region of low recombination, haplotype analysis and association studies, 
combined with the careful comparison of QTL effects identified in different populations, 
might provide more valuable information than linkage analysis; yet identifying the 
causative mutations is unlikely to be achieved through these approaches [37].  Additional 
strategies, such as expression QTL (e-QTL) mapping, may enhance gene-mapping efforts.  
The presence of inter-individual, inter-family and inter-population variations in 
recombination rate can also bias conclusions from genetic mapping studies. For QTL in 
the region where heterogeneity in recombination rate occurs, the estimation of position 
and effect of QTL are both altered by the differences between the average linkage map 
and the true recombination pattern of each F1 females, subfamilies or populations. 
Nevertheless, the consequence of individual variation need not always be negative [2]. It 
could lead to the identification of either chromosomal variation or modifier genes linked 
or unlinked to the interval under study, and perhaps yield new insight into the mechanism 
of mutation [8]. A general role of DNA repeat in mediating disease-causing 
recombination errors has been suggested [38]. If reduced recombination is a common 
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result of sequence mismatch in the mutated region, this could even become a new 
positional mapping approach--that is, screening carriers for perturbed recombination [2].  
3.6. Consequence for non-disjuction and fertility 
The detection of females with altered recombination might also lead to the identification 
of mother susceptible to chromosomal nondisjunction. XX non-disjunction in females 
leading to XO or XXX daughter or undeveloped YO fetus.  
In mouse, an X-linked locus has been proposed to explain genome-wide levels of 
variation in recombination, and in controlling differences between male and female 
recombination rates [39]. On the other hand, women with high oocyte recombination rate 
tend to have more children [14]. Such researches may be interesting to be conducted in 
pigs in the future.  
4. Conclusion 
We provide the first published comparative map by integrating markers’ sequence 
positions of both pig and human chromosome X. The comparative map confirms the 
conservation of synteny between SSC-X and HSA-X, and will be valuable for selection 
of candidate genes for porcine QTL that map to SSC-X. Large differences in broad- and 
fine-scale recombination rate along SSC-X and between F1 females were revealed, which 
may cause unpredictable difficulties to precisely estimate the position and effect of 
individual causative gene. Recombination variation over the interval UMNP891-
UMNP93 was associated with maternal haplotype of Asian origin of F1 females. A future 
comparison of sequences of these haplotypes will be very interesting to identify the cause 
of these variations 
Globally, our results highlight the necessity to carefully fine map QTL identified in 
segregation in pig breeds on SSC-X relatively to coldspot, hotspot and LH regions 
identified in this study. 
5. Material and Methods 
5.1. Animals 
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The structures of INRA (LW×MS) and JXAU (WD×ER) populations have been 
described by Bidanel et al. [18] and Guo et al. [19], respectively. Briefly, for INRA 
population, 6 F1 males and 23 F1 females, the progeny of 6 LW boars and 6 MS sows, 
produced 530 F2 males and 573 F2 females. Six F1 females were culled early and were 
removed from the experiment. The 17 remaining sows were used to produce up to 13 
litters. Two of the 6 males were culled before the end of the experiment. Their females 
were reassigned to the four remaining males in order to produce additional full-sib 
families. For JXAU population, a total of 9 F1 males and 59 F1 females, the progeny of 2 
WD boars and 17 ER sows,  were randomly chosen to produce 967 F2 males and 945 F2 
females from the first parity to the forth parity in six separate batches. To obtain large 
full-sib families, each F1 sow was usually mated to the same sire during the different 
parities. In this study, a total of 1028 F2 animals of INRA and 1293 F2 animals of JXAU 
and their parents and grandparents were genotyped. The number of genotyped children of 
each F1 females from JXAU population varied from 5 to 49, with the mean of 22; 
whereas 17 F1 females from INRA population individually had at least 27 genotyped 
children and most of them had more than 50, which make the estimation of variation in 
recombination rate among individuals more robust.  
5.2. Marker genotyping 
Fifty-eight markers were used in this study (Table 1). Among them, 15 microsatellite 
markers with the caption of “SW” and S0218 were chosen from the USDA-MARC 
porcine reference map (http://www.marc.usda.gov/), and 9 markers named like 
“UMNP…” were selected from papers published by the University of Minnesota [40, 41, 
42]. Single nucleotide polymorphisms (SNP) in SERPINA7 gene and a 14-bp deletion 
mutation in SLC25A5 have been reported by Nonneman et al. [43] and Čepica et al. [44], 
respectively. The SNP in other three genes ACSL4, IRS4 and HTR2C are new markers.  
Moreover, we developed 18 additional SNP (named “BE…”) and 11 microsatellites 
(named “MCSE…”) based on pig bacterial artificial chromosome (BAC) clone sequences 
and map (http://pre.ensembl.org/Sus_scrofa/Info/Index). Primers were designed using 
Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Forward 
primers for most microsatellite markers were modified by adding an M13(-21) tail (5’-
TGTAAAACGACGGCCAGT-3’) to their 5’ ends [45]. For fragments that do not contain 
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a microsatellite, the possible polymorphism was firstly determined by high-resolution 
melting analysis on a LightCycler 480 (Roche), before confirmation by sequencing. The 
PCR profiles included an initial denaturation at 94 °C for 5 min followed by 35-45 cycles 
of 94 °C for 30 sec, annealing temperatures (50-60 °C) for 30 sec and 72 °C for 30 sec, 
with a final extension at 72 °C. Except two new gene-based (IRS4 and HTR2C) SNP that 
were examined by SNaPshot, all currently developed SNP were genotyped by PCR-
RFLP method (Supplementary Table 1). For microsatellites, PCR products were analyzed 
on an ABI PRISM 3130 or 3730 Sequencer and the genotypes were determined by 
performing allelic discrimination using GeneMapper 3.7 software (ABI, Foster City, 
USA). All genotypes were checked and store using GEMMA database (https://www-
lgc.toulouse.inra.fr/internet/index.php/Tools/Gemma.html) 
5.3. RH mapping 
Markers were mapped on the 7000-rad IMpRH panel [46] or 12000-rad IMNpRH2 panel 
(for a few highly linked markers) [47] according to the INRA protocols. Data were 
analyzed for two-point and multipoint linkage with the IMpRH mapping tool and 
submitted to the IMpRH web server (http://imprh.toulouse.inra.fr/; [48]). Carthagene 
software (http://www.inra.fr/bia/T/CarthaGene/; [49]) was also used to estimate 
multipoint marker distance and order using all public markers on the X chromosome in 
the IMpRH sever and those developed in this study, in order to compare the former map 
automatically built by the server.   
5.4. Linkage analyses 
The female-specific linkage maps for INRA and JXAU were calculated using CRIMAP 
version 2.4 [50] as described by Rohrer et al. [20] where TWOPOINT analyses were used 
to indicate the chromosome linkage group and the BUILD, ALL, FLIPS options were 
used to determine the most likely multipoint position of each marker. 
5.5. Placement of markers on pig clone map and estimates of recombination along 
SSC-X 
The full sequences of markers were submitted to “Blast all submitted clone” analysis 
(http://www.sanger.ac.uk/cgi-bin/blast/submitblast/s_scrofa) for identification of clones 
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used in pig genome assemblies.  Hit locations of these clones on Human chromosome X 
(HSA-X) have been presented on the Sanger web (http://www.sanger.ac.uk/cgi-
bin/Projects/S_scrofa/WebFPCreport.cgi). The ratio between genetic and physical 
distacnes between each pair of adjacent markers was calculated by simply dividing the 
distances between the markers on the genetic map (in Kosambi centimorgans, cM) by the 
distance between the markers on the BAC clone map (in megabases, Mb).  
5.6. Statistical analyses 
Recombination counts and total counts over a specific marker interval for each F1 female 
who was doubly heterozygous for the adjacent markers, and the haplotypes of all F1 
females were exported from GEMMA that is a software including database and a lot of 
procedures to manage data (https://www-
lgc.toulouse.inra.fr/internet/index.php/Tools/Gemma.html). The Morton test [22] was 
applied to test the individual variability of recombination fraction as described by 
Simianer et al. [9].  
6. List of abbreviations 
INRA: National Institute of Agricultural Research in France; JXAU: Jiangxi Agricultural 
University (JXAU); LW: large white pigs; MS: Meishan pigs; WD: white Duroc pigs; 
SSC-X: porcine chromosome X; HSA-X: human chromosome X; MHC: major 
histocompatibility complex; QTL: quantitative trait locus; RH: radiation hybrid; BAC: 
bacterial artificial chromosome;  cR: centi Ray; cM: centi Morgan; Mb: megabase; θ: 
recombination fraction; IMNpRH2: INRA Minnesota Nevada porcine Radiation Hybrid 
panel 2.  
LH-1, LH-2, LH3 and LH-C respectively represent the interval SW1903-SW245, 
SW1608-S0218, SW1943-SW1608 and UMNP71 -SW1943, which showed linkage 
heterogeneity among F1 females from single or both pig resource populations.  
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Figure 1.  The overall recombinational landscape of porcine chromosome X and 
intervals with individual heterogeneity of recombination.   
The top part of this figure represents the genetic position for makers placed on both 
genetic maps of INRA and JXAU populations versus the physical position of pig 
clone map. Markers with a star were used in the initial genotyping experiment. SW259 
is located near the centromere. The slope of the curves provides an estimate of the 
local recombination rate. The patterns for the two populations are similar on the 
whole chromosome, except for the region from SW980 to SW1903 (gray lines). A 
(SW2456-UMNP1174), C (SW1426-MCSE347J6) and D (SW1608-S0218-SW2588) 
delimit three regions of high recombination rates; B (SW259-SW1994-UMNP71) is a 
recombinational coldspot. Heterogeneity of recombination fraction among F1 females 
were observed for four intervals, including LH-C (UMNP71-SW1943), LH-1 
(SW1903-SW2456), LH-2 (SW1608-S0218) and LH-3 (SW1943-SW1608). LH-1 and 
LH-2 were observed only in INRA population, and LH-3 was specific to JXAU 
population, while LH-C was commonly detected in both populations.  
The below part presents a more detailed analysis of the recombination patterns in 
the LH-C interval among 4 F1 full-sisters from INRA population. Females 910002, 
910009, 910010 who inherited the same maternal haplotype had higher recombination 
rates compared with 910013 who inherited the other maternal haplotype or compared 
with the average of the whole population. Number of meioses analyzed for each 
female is presented between parentheses. LH-C could be further narrowed down to a 
sub-interval UMNP891-UMNP93, flanked by two vertical dash lines.  
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Table 1 - Locations of all markers on the different porcine maps and comparison with those on the human physical map 
Order
1 Marker name
2 SSC-X cytogenetic map 
Blast matched 

































1 SW949 Xp24 / Yp CH242-231E5 58 2126 0.00    0 0 
2 SW980 Xp24-23 CH242-336E9 285 1861 7.65  11.38  0 16 11.9 
3 SW1903 Xp21 CH242-273O11 523 1588 21.28  25.47  23.7 46.6 33 
4 SW2456 Xp12 CH242-31B7 864 1345 38.46  42.14  46 65.5 55.4 
5 UMNP1174 Xp11.2 CH242-69I19 976 1253 42.25  47.22  56.5 76.1  
6 SW2476 Xp11.2 CH242-24N13 985 1250 42.70 48.32   77.6 
7 SWR1861   992 1211   59.5 78.7 65.7 
8 UMNP448  CH242-147G7 1027 1200 43.78  50.42     
9 BE102J23.0003R1  CH242-102J23   44.30  50.94     
10 SW259 Near centromere CH242-225C1 1293 1045 54.21  63.35  62.7 79.9 74.4 
11 MCSE3F14  CH242-3F14 1301 1093 55.27  65.30     
12 BE145J20.0597R1 Xq12 CH242-145J20   58.94  69.06     
13 MCST2J13 Xq13 PigE-2J13 1480  63.85  74.74     
14 SW1994 Xq13 CH242-123K13 1547 1007 67.72  79.92  62.8 80.1 74.4 
15 MCSE58H4 Xq13 CH242-58H4 1596 983 70.38  83.46     
16 BE8B11.0679Y1 Xq21 CH242-8B11   77.85  97.31     
17 MCSE65L7 Xq21 CH242-65L7 1768 932 82.80  91.66     
18 UMNP71 Xq21 CH242-203F13 1797 905 84.83  93.18  62.8 80.2  
19 UMNP374 Xq21 CH242-74J23 1840 840 77.38  97.00     
20 UMNP1218 Xq21 CH242-166I17 1884 800 80.02  99.84  62.8 80.4  
21 BE497I6FB48R Xq22 CH242-497I6   88.52  103.76     
22 BE218F2FB67K Xq22 CH242-218F2   89.33  104.46  63.2   
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23 SERPINA7E2B114M Xq22 CH242-427M6   89.90  105.02   80.9  
24 BE151D17.0014Y1 Xq22 CH242-151D17   90.42  105.88     
25 SW1426 Xq22 CH242-264N4 1991 710 91.73  107.08  65.7 83.5 71.7 
26 BE32D24.0584R1 Xq22 CH242-32D24   91.73  107.03     
27 BE276J1FB107R Xq22 CH242-276J1  700 91.87  107.20     
28 BE206D8.0949R1 Xq22 CH242-206D8   92.18  107.47     
29 BE386O15.1136R1 Xq22 CH242-386O15   92.27  107.86     
30 IRS4.Y1 Xq22 CH242-477D6   93.33  107.86   85.9  
31 MCSE313H19.0244 Xq22 CH242-313H19   93.72  108.38  67.5   
32 ACSL4I3B259R Xq22 CH242-17O13  687 93.87 108.58    
33 ACSL4I3B359M Xq22 CH242-17O13  687 93.87  108.58  67.9 87  
34 MCSE231M24 Xq22 CH242-231M24  682 92.48  109.41  69.8 88.1  
35 MCSE12P4.1041 Xq22 CH242-12P4   92.78  109.65  70.1   
36 MCSE12P4.0112 Xq22 CH242-12P4      71.2   
37 MCST96O22 Xq22 PigE-96O22  658 92.99  110.22  72.8 90.5  
38 UMNP891   2050 656   73.4 90.9  
39 BE95P6.0900R1 Xq22 CH242-95P6   94.38  110.48     
40 MCSE347J6 Xq22 CH242-347J6  646 94.52  110.63  74.5 92.3  
41 BE412O5B120R Xq22 CH242-412O5   95.59  111.90     
42 BE80C18FB136W Xq22 CH242-80C18   95.76   77   
43 BE504J7.0664Y1 Xq22 CH242-504J7   97.03      
44 SW1522 Xq22 CH242-408J11 2168 595 97.35  113.73  77.5 95.2 55.4 
45 HTR2CI3B151R Xq22 CH242-135K13   97.56  113.90   95  
46 BE371L5.0001Y1 Xq22 CH242-371L5   97.88  114.30     
47 BE185O8FB63S Xq22 CH242-185O8   98.02  114.48  78.3   
48 BE219E21.0003M1 Xq22 CH242-219E21   98.16  114.79     
49 UMNP93   2214 540   79.1 96.5  
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 50 BE28B16.0529Y1 Xq23 CH242-28B16   99.34      
51 UMNP870 Xq23 CH242-141A6 2246 522 102.50  117.67     
52 MCSI0244D12   2261 506  118.15  81.6 98.8  
53 SLC25A5I2B103DE Xq23 CH242-78C24   102.00  118.36  82.5 99.5  
54 UMNP1008 Xq23 CH242-458G8 2300 475 101.68  118.75     
55 SW1943 Xq24 CH242-105E5 2454 440 107.17  126.14  85 101.5 87.4 
56 SW1608 Xq24 CH242-238J16 2650 304 112.30  132.31  98.4 114.1 101.9 
57 SW707   2672 286    120.8 107.9 
58 SW2137   2694 273     108.1 
59 S0218 Xq25 CH242-1I19 2765 211 117.02   111.4  114.4 
60 SW2588 Xq26 CH242-394H2 3117 0 125.93  150.01   159.7 128.4 
1The most likely marker order was determined as the common order shared by most of maps. 
2Markers placed on both INRA and JXAU genetic map are indicated in bold letter, while gene-based markers are shown in italics.  
3Pig clones were picked if their available sequences matched marker sequences through blast analysis at Sanger Center’s website (http://www.sanger.ac.uk) 
4IMpRH1 (7000-rad) map was constructed by using the Cathagene software. 
5Positions of markers was determined by using the reference map of INRA2006 (http://rhdev.toulouse.inra.fr/Do=Maps). This map was not oriented, and 0 cR 
corresponds the the last marker at the end of Xq arm. 
6Locations of pig clones have been provided by UCSC Genome Browser (http://pre.ensembl.org/Sus_scrofa_map/Location/Genome) 
7Placement information about homologous human sequences for porcine BAC end sequences is available at Sanger Center’s website. 
8Bold numbers indicate that the marker orders in two segments (UMNP71-UMNP1218 and ACSL4I3B359M -MCST96O22) on SSC-X clone map are inconsistent 
with those on RH map, genetic maps and HSA-X physical map. 
9Bold numbers indicate that the markers (SW2476, SW259, SW1994, SW1426 and SW1522) were in reverse order on USDA-MARC map versus the current 
genetic maps or other maps.  
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Table 2 - Variability of recombination fraction (θ) in SSC-X regions of >10 cM 

















F1 sows  
Number 
of 
offspring θ θ θ θ θ θ 
1 910002 76 NA3 NA 0.184 0.3034 0.105 0.158 
 910009 72 NA NA 0.127 0.417 0.085 0.086 
 910010 96 NA NA 0.106 0.271 0.137 0.108 
 910013 55 NA NA 0.109 0.091 0.164 0.127 
2 910014 83 0.228 0.316 0.241 0.253 0.146 0.064 
 910016 38 0.184 0.342 0.132 0.211 0.132 0.184 
 910020 69 0.206 0.232 0.159 0.159 0.159 0.059 
3 910018 45 0.231 0.154 0.077 0.222 0.133 0.308 
4 910069 62 0.213 0.295 0.161 0.145 0.097 0.210 
 910071 68 0.246 0.123 0.154 0.206 0.132 0.091 
 910072 63 0.206 0.111 0.175 0.206 0.143 0.143 
 910074 83 0.241 0.190 0.177 0.120 0.181 0.157 
5 910084 50 0.190 0.190 0.190 0.280 NA NA 
 910086 27 0.222 0.231 0.269 0.148 NA NA 
6 910095 62 0.177 0.113 0.210 0.242 0.081 0.161 
 910096 42 0.171 0.250 0.175 0.262 0.024 0.073 
 910097 37 0.243 0.081 0.027 0.189 0.189 0.054 
         
Kosambi distance (cM)  22,86  21,63  16.58  24.20  13.17  12.80  
Morton test  2,46  28.43  20.11  37.10  14.17  24.66  
df  12 12 16 16 14 14 
P  value5  0.998  0.005  0.216  0.002  0.437  0.038  
1Each sub-family consists of F1 full-sisters.  
2The recombinational coldspot SW259-UMNP71 was not considered. 
3Not applicable because animal is not a double-heterozygote for both flanking markers. 
4The θ of the F1 full-sisters within the first subfamily for the interval UMNP71-SW1943 are highlighted in 
bold because they showed the largest difference in θ (P = 0.0004).  
5Probability for inter-individual variability of θ. 
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Table 3 - Variability of recombination fraction (θ) for the UMNP891-UMNP93 
interval among INRA F1 female individuals, and among groups of females grouped 






















1 910002 2413 1122 76 0.0533 1122 243 0.103  2413 574 0,059 
 910009 2413 1122 72 0.139 1222 526 0.055  5113 235 0,055 
 910010 2413 1122 95 0.116 3221 38 0.105  5413 141 0,043 
 910013 2413 4311 55 0 4311 138 0.007  6323 78 0,090 
2 910014 5113 1222 83 0.096 5221 83 0.012     
 910016 5113 3221 38 0.105       
 910020 5113 1222 68 0.015       
3 910018 5113 4311 46 0        
4 910069 2413 1222 62 0.032       
 910071 2413 1222 68 0.044       
 910072 2413 1222 63 0.048       
 910074 2413 5221 83 0.012       
5 910084 6323 1222 51 0.118       
 910086 6323 1222 27 0.037       
6 910095 5413 1222 62 0.048       
 910096 5413 1222 42 0.048       
 910097 5413 4311 37 0.027       
            
Kosambi distance (cM)    5.86    5.86    5.86  
Morton test    39.24   23.61    1.96  
Df    16   4   3 
P value    0.0010   0.0001    0.5800
1In the region UMNP891-UMNP93, 4 microsatellite markers (UMNP891, MCSE347J6, SW1522, UMNP93) 
and 7 SNPs were genotyped. For simplicity, we indicated the haplotypes with only microsatellites alleles 
because they reveal all individual haplotypes formed by all markers analysed on these animals.  
2Each sub-family consists of F1 full-sisters.  
3The θ of the F1 full-sisters within the first subfamily are highlighted in bold because they showed the 
largest difference in θ (P = 0.0026).  
 
 
Chapter 5 - recombinational landscape of SSCX
81
 Table 4 - Variability of recombination fraction (θ) for the MCST96O22- 
MCSI0244D12 interval among JXAU F1 females grouped by their paternal and 
maternal haplotypes1. 
JXAU paternal half-sib 
families (F0 ♂ haplotype = 










0F11 {6 [5414] 12} 518 0.071 0F11_7 [5325] 17 95 0.042 0F21_1 [1116] 17 35 0.000
0F21 {2 [2514] 12} 775 0.084 0F11_1 [5122] 35 12 0.083 0F21_1 [1321] 17 60 0.167
   0F11_1 [5321] 13 64 0.047 0F21_7 [5325] 17 72 0.056
   0F11_5 [1321] 14 79 0.076 0F21_7 [5621] 14 24 0.042
   0F11_5 [1321] 17 137 0.095 0F21_1 [5121] 13 23 0.000
   0F11_5 [1325] 17 18 0.056 0F21_1 [5122] 35 156 0.051
   0F11_5 [5321] 14 56 0.107 0F21_1 [5225] 11 12 0.083
   0F11_5 [5325] 17 20 0.150 0F21_1 [5321] 13 133 0.120
   0F11_9 [5121] 16 37 0.000 0F21_1 [5341] 38 22 0.227
      0F21_5 [1125] 49 28 0.036
      0F21_5 [1321] 14 153 0.065
      0F21_5 [5121] 14 50 0.140
      0F21_9 [5121] 16 7 0.286
         
Kosambi distance (cM) 7.96   7.19   8.47 
Morton test  0.67   11.12   30.59 
df  1   8   12 
P value  0.414   0.195   0.002
Pr value3     0.090   0.006
1The haplotypes are formed by microsatellite markers (MCST96O22, UMNP891, MCSE347J6, SW1522, 
UMNP93, UMNP870, MCSI0244D12) within the interval of interest. 
2Maternal haplotypes in bold are common to F1 females from both 0F11 and 0F21 families. The number 
between brackets represents the haplotype over the core UMNP891-UMNP93 interval.  
3The pr values are determined after removing the haplotypes with <30 meioses.   
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Sequence Up2 Sequence Down 
ACSL4I3B259R 207 Tsp509I  G>A 56 AGCAAACAAACACTGGCA TCATCTGTGCCATTATGCCTAC 
ACSL4I3B359M 207 MspI A>C 56 AGCAAACAAACACTGGCA TCATCTGTGCCATTATGCCTAC 
BE102J23.0003R1 164 MspI A>G 55 GAATGGAAAGGATGGAAGAATCA TCCCATATTCCTCATCTGTGTA 
BE145J20.0597R1 137 HpyCH4V A>G 55 GGAACTCTGGTCAGTCAATGT CTCAGTTATCTGATGGATTCACCT 
BE151D17.0014Y1 120 StuI C>T 55 CACTCTGTGAGATTTGGGAATAC CCCTTCTGCCAGCTTCCTAA 
BE185O8FB63S 259 NlaIII C>G 58 TCTGCTGATGGAGGAAAGTG CTGAACTTCTATGAATGACATGGTAAC
BE206D8.0949R1 150 MseI A>G 55 GATTTGATACAGAATTTTCTCTTGTGTT TGGCTGAAGAGAGGACGA 
BE218F2FB67K 175 BsaJI G>T 58 TGGCTTAGGAGTTGGACTTGATA TGAACCGCCTACAAGCAC 
BE219E21.0003M1 144 DdeI A>C 55 TGTTTCAGCCTCTCACAGTC TGAAGTTCATAGAACAGGGTCA 
BE276J1FB107R 176 HincII A>G 58 TGTTTCCAGCAATCAAATCCG GCCGATGGCTAGTGTATAATG 
BE28B16.0529Y1 141 AciI C>T 55 GGGTTCCTACAGGGTTCCTTAAA AATGGTATGGAATAGAGTTCAAGTG 
BE32D24.0584R1 144 BccI A>G 55 GGATGACTGAAGAATAATCAGGTG TTAGTGCAGATAAACCGTGCT 
BE371L5.0001Y1 138 RsaI C>T 55 ACGGGAACTCCAAGAATATAAC TTGCCAATAGAAACTGAGCTG 
BE386O15.1136R1 150 NlaIII A>G 55 GATATCATACGGTATTTGTCTTTCTCT TTTATTCAGTTGCCCGTCACAT 
BE412O5B120R 211 Tsp45I A>G 58 TGTCCCTGGAGCAGTGT AGCTAAGGTCAGAGAGCG 
BE497I6FB48R 203 BsrI A>G 58 GCAACTTACACCACAGCTC CTTCAACTTGGGAAAGCAACAT 
BE504J7.0664Y1 119 BsrI C>T 55 AAATGTGAAATTGATGTATATTAGCGTT TTTCTTAATTCAAAGTAGTGCTTTCTG 
BE80C18FB136W 136 ApoI A>T 58 CAGCAGCAGCTCCAATTAG GAACCATTTATGTACTGTTGTGTTT 
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 BE8B11.0679Y1 121 RsaI C>T 55 AGTTATAGCTCTGATGGTCGTG TTCTCTCCTCTCCCTTTCTTTC 
BE95P6.0900R1 137 BsmI A>G 55 GCTCTACTTCCAGTGGCATTTA ATTTCCATTGCAGTCTGCTT 
HTR2CI3B151R 292  A>G 56 ATGAGACTCCTGTGGGCTT CATCTTGCTTACCTCTACTAG 
IRS4.Y1 266  T>C 56 CACCCAGTGAGCCCTTGCC CATATAGTCGCCTCCGTTTTCT 
MCSE12P4.0112 172-212  (CA)n 58 gttttcccagtcacgacgttgAGAAGGGAAACGTG
AGACATA 
CCCAGAGCAAATAGAAGAGG 
MCSE12P4.1041 125-152  (GT)n 55 gttttcccagtcacgacgttgTGGAATGTGTGAGTT
TGTGG 
GATCAAAGCATAGACTGAAGTAAGG 
MCSE231M24 284-300  (CA)n 58 gttttcccagtcacgacgttgTGAATCATGTGCTAG
GCTTACATTAT 
AGTCAATCAGTTAAATCCAAACTGT 
MCSE313H19.0244 158-174  (CA)n 58 gttttcccagtcacgacgttgTCTTGGGCTTCCTCAC
TTTAC 
CTGGAAATCAAGGGAAAGAGAAT 
MCSE347J6 157-174  (CA)n 58 gttttcccagtcacgacgttgTTTCTGTACCCTCACC
CATC 
CATGGAAGTTTCACTCCAAACC 
MCSE3F14 182-189  (GT)n 55 gttttcccagtcacgacgttgCTTTCCCTAATGGAA
GTGTCAG 
AGCATTTTGTGTTTGCTCCA 
MCSE58H4 205-252  (TA)n 55 gttttcccagtcacgacgttgGCTTGGCTGAAATGA
GAAAGG 
CCTTTGATGTCTGCTTTTGG 
MCSE65L7 353-357  (AC)n 58 gttttcccagtcacgacgttgGCAATCACTGGACTG
AGCCTA 
TCTGCCCTAAACTTGTTGTTCTT 
MCSI0244D12 210-264  (AG)n 60 gttttcccagtcacgacgttgGCCAAGCACAGAGGC
TTTAG 
TGCAACACTCAGTGGAAAGG 
MCST2J13 178-194  (GT)n 55 gttttcccagtcacgacgttgGCATGCAAGCTTAGT
GCAAA 
TCCCTCCCCAACATACACAT 
MCST96O22 226-256  (AT)n 58 gttttcccagtcacgacgttgCAGGTATACAGCAAA
GCAATTCA 
GGTCCCTGTGCAAGGATG 
1Four gene-based SNP (ACSL4I3B259R, ACSL4I3B359M, HTR2CI3B151R and IRS4.Y1) are shown in italic text. For HTR2CI3B151R and IRS4.Y, their 
SNaPshot single base extension primer sequences are as follows: 
HTR2CI3B151R : CTATTGTAAATTAGTAAATAAAGTAATGGTATTGGG; IRS4.Y1: CGCAGGTCCAGGAGAGCGGTTTCCGTGCCAGCCAGC. 
2The forward primer for microsatellite markers contains universal M13 adaptor (5’-gttttcccagtcacgacgttg-3’).   
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Supplementary Figure 1.  Haplotypes carried by the 6 F0 Meishan females.  
The haplotype patterns in the region SW2456-SW1943 can be split into different sub-intervals. (a) All animals shared similar haplotype over the 
interval SW1994-BE218F2FB67K, occupying the most part of a recombination coldspot. Only one female 890690 was heterozygous for one 
marker (MCSE58H4) within the interval. (b) Five very distinct haplotypes (a-e) were found over the region SW1426-UMNP891, in which each 
of the four markers SW1246, MCSE313H19-0244, MCST96O22 and UMNP891 had 4 alleles. An additional (or a 6th) haplotype “f”, differing 
from the haplotype “d” by one marker (MCSE12P4-0112), is identified in female 890769. At that step we cannot determine whether haplotypes 
drawn in a given color are identical by decent (IBD) or identical by state (IBS). (c) In the region of linkage heterogeneity, we see that the 
haplotype “a” in pink shared by F0 females 890738, 8906090 and 890768 is extended in the region MCSE247J6-MCSI0244D12. 
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Supplementary Figure 2.  Pedigree structure of some F1 animals’ parents in different generations of Meishan breed at INRA 
to determine if the haplotype 4311 associated with low recombination found in 3 F1 sows is IBD or IBS.  
 
On the drawing, the names of F0 Large White males are underlined. F0 Meishan females are indicated in purple letters. On the 
pedigree, a red line links a mother to its children and a black line links a father to its children.  
 
All Meishan animals from INRA herd derived from 5 founder boars and 2 founder sows (indicated in blue letters). A total of 9 
X-chromosomes were thus in segregation. However, at least 2 X-chromosomes carried by two founder boars 810197 and 820370 
(shown in blue and italic letters) were lost in the pedigree, as none of their daughters were used to produce subsequent generations. 
Therefore, in INRA Meishan animals, a maximal number of 7 different X chromosomes can be found. We have detected that in the 
linkage-heterogeneity region UMNP891-UMNP93, three F1 relatives 910013, 910018 and 910097 inherited the same maternal 
haplotype (4311 = part of the haplotype “a” on the supplementary fig. 1) from different Meishan females (F0). In order to know if this 
haplotype is IBD and not only IBS, we genotyped 8 microsatellite markers covering the region SW1426-MCSI0244D12 on 14 
ancestors Meishan (indicated with bold letters) for which DNA samples are available.  
 
Based on known genotypes we followed the “a” haplotype (4311) in the previous generations. If a parent could not transfer the 
haplotype to child, the link line between them was marked with a cross. Animals that were not genotyped but which necessarily 
carried the “a” haplotype are indicated with a star. Here, we could deduce that 910013 necessarily received the 4311 haplotype from 
810060 (indicated with a green dashed box), and 910018 and 910097 respectively had 50% and 25% probability to inherit it from this 
animal, too.  
 
In supplementary figure 1, we show that in region (b) we found 6 different haplotypes in F0 females, demonstrating that 6 X 
chromosomes of founders are ever represented in the 6 F0 females. Moreover, we found an additional haplotype, denoted “g” (not 
shown in detail) in male ancestor 840193 (and also in female 840194). Having thus identified the 7 different haplotypes from 7 
founding chromosomes, we can be sure that in this interval all identical haplotypes are IBD and not only IBS. By extension in the 
flanking interval, it is highly likely that the extended haplotypes shared by females 890738, 890690 and 890768 in LH region (and 
transmitted to their daughters 910013, 910018 and 910097) are also IBD. In addition it is highly likely that these 3 F1 females all 
received this haplotype from their common ancestor 810060. 
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Refinement of previous QTL detected on porcine chromosome X (SSCX) for fatness and 
muscling traits were conducted using two F2 crosses: Large White × Meishan and White 
Duroc × Erhualian. In this joint study, the QTL location was refined using a linkage map 
that contains 18 markers in the region of 37 cM flanked by SW2456 and SW1943. This 
region spans ~84 Mb including a ~36 Mb recombination coldspot. Some additional 
markers were genotyped on F0 and F1 animals in order to construct high-density 
haplotypes. The QTL analyses performed for each population and joint population 
indicated that: 1) the QTL for ham weight (HW) was common in the two populations; 2) 
two or more linked QTL influenced backfat thickness (BFT). Despite the differences 
between the records in the two populations, no significant interactions between detected 
QTL effects and population were observed. Joint analyses resulted in at least ~5 cM 
reduction of QTL confidence intervals. Linkage analyses using two subsets of combined 
dam families from the INRA population demonstrated that the BFT and HW QTL are 
segregating in the Meishan breed. Most part of the recombination coldspot (~34 Mb) was 
excluded from the candidate region through haplotype analysis. Polymorphisms of the 
ACSL4 gene were found to be significantly associated with BFT and HW phenotypes of 
the two populations, but excluded as possible causal mutations. Additional SNPs of 
ACSL4 or other genes in the refined QTL region should be studied in the future.  
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Introduction  
Quantitative trait loci (QTL) that affect fat deposition and muscle masses have been 
consistently identified proximal to the centromere of porcine chromosome X (SSCX) in a 
variety of crosses between Western breeds and Chinese Meishan (Rohrer & Keele 1998a, 
b; Harlizius et al. 2000; Rohrer 2000; Bidanel et al. 2000; Milan et al. 2002; Sato et al. 
2003; Čepica et al. 2007). The most significant result was obtained by Milan et al. (2002), 
who reported that the detected QTL accounted for almost 40% of the phenotypic variance 
of a Large White (LW) × Meishan (MS) F2 population which was set up at INRA. 
However, a recent study showed that the SSCX QTL for backfat thickness (BFT) seemed 
to be absent in another LW × MS population developed at the Roslin Institute in UK 
(Guo et al. 2008), suggesting that QTL alleles might segregate within LW or MS, or both 
breeds. 
Recently, a large-scale F2 population (>1000 F2) was produced by crossing White 
Duroc (WD) to Chinese Erhualian (ER) at Jiangxi Agricultural University (JXAU) in 
China. On these animals, QTL were mapped for different carcass and meat quality traits 
(Ma et al. 2009). Chinese Erhualian and Meishan pigs are two subpopulations of the 
Taihu breed, and White Duroc is the result of crossbreeding the Duroc with Large White 
or Landrace breeds. As expected, a preliminary genome-wide QTL analysis using part of 
a White Duroc × Chinese Erhualian F2 population also identified QTL for fatness and 
muscling traits on SSCX (non-published result). 
Joint analysis of two or more similar populations could potentially lead to more 
precise estimates of the location and effect of a common QTL or to identify differences in 
the QTL effects in different populations (Lander & Kruglyak 1995; Walling et al. 2000). 
A previous joint analysis of 5 different crosses involving six breeds (wild boar, Large 
white, Landrace, Iberian, Pietrain and Meishan) suggested that the SSCX region between 
SW2456 and SW1943 (~40 cM on female-specific linkage map) contains one highly 
significant QTL for BFT and a distinct QTL for ham weight (Pérez-Enciso et al. 2005). 
Furthermore, the fatness allele at the BFT QTL was regarded to be of Asian origin, while 
the ham weight QTL seemed to be segregating only between Large White and the other 
breeds. However, the precision of the QTL location estimated by this joint analysis was 
limited, due to the low-density linkage map, the limited number of common markers and 
differences in BFT measurements applied in different populations.  
Long-chain acyl-CoA synthetase family member 4 (ACSL4) is a strong functional 
candidate for the fatness QTL on SSCX. ACSL plays a key role in the metabolism of fatty 
acids and thus in the energy balance of the organism. The porcine ACSL4 gene was 
located very close to the most likely position of the QTL affecting fatness and muscling 
traits in a wild boar × Meishan F2 family (Čepica et al. 2007). Furthermore, 
polymorphisms of the ACSL4 gene were reported to be associated with the percentages of 
oleic fatty acid and monounsaturated fatty acids from an Iberian × Landrace F2 
population, in which QTL for the two traits were detected on SSCX (Mercadé et al. 
2006). Nevertheless, no significant QTL effect on BFT was found in this population. 
Thus, the effect of the ACSL4 gene on BFT has not been clarified. 
In this study, we carried out single and joint analysis of the aforementioned INRA 
and JXAU populations to fine map the SSCX QTL for fatness and muscling traits, using 
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additional markers, commonly genotyped in the two populations, providing a dense 
regional map. Further refinements are suggested after an analysis of the haplotypes in 
segregation in INRA F1 sows. Moreover, we examined the possible implication of the 
ACSL4 gene polymorphisms on BFT and ham weight (HW). 
 
Materials and Methods 
Animals and Traits 
Data from INRA and JXAU population were used. Details about raising and management 
of the two populations and traits recorded were previously described elsewhere (Bidanel 
et al. 2001; Milan et al. 2002; Ren et al. 2006; Ma et al. 2009). Briefly, the INRA 
population was created by crossing 6 LW boars and 6 MS sows. A total of 488 F2 
barrows generated from 6 F1 boars and 23 F1 sows were slaughtered at approximately 
180 days of age and submitted to a standardized cutting of the carcass. The JXAU 
population was created from 2 DW sires and 17 ER, from which 9 F1 boars and 59 F1 
sows were used to produce 1912 F2 progeny. At 240 days of age, 549 F2 gilts and 481 F2 
barrows were slaughtered and phenotyped for carcass composition traits. 
In the INRA experiment, carcass weight (CW), two backfat thicknesses (BFT1 and 
BFT2), and ham weight (HW) were obtained after slaughter and analyzed in the current 
study. BFT1 was measured between the 3rd and the 4th lumbar vertebrae at 8 cm from 
the spine. BFT2 measurement was taken simultaneously three vertebrae beneath the last 
rib at 6 cm from the mid-dorsal line. In the JXAU experiment, the traits analyzed herein 
were CW, BFTs at shoulder, 6-7 ribs, last rib and hip joint, HW, intramuscular fat content 
(IMF) and loin eye area (LEA). For joint analysis, we combined the INRA data of BFT1 
and BFT2 with the JXAU data of BFT at last rib and 6-7 ribs, respectively, because they 
were measured at similar  anatomic locations. Moreover, we calculated the average value 
of BFT for these two points (average BFT) in each population. The average BFT, HW 
and CW were also included in joint analysis.  
 
Marker Genotyping and Linkage Map Construction 
Previously, only five to seven markers on the SSCX were used for the genome-wide QTL 
mapping in each population. In order to increase the marker density, more than 50 
microsatellite and SNP markers were chosen from the USDA-MARC map (http://www. 
Marc.usda.gov/genome/genome.html), from references in the literature (Korwin-
Kossakowska et al. 2002; Krause et al. 2002; Fahrenkrug et al. 2005; Čepica et al. 2001 
and 2006), or developed within this project (Ma et al. submitted to BMC Genomics). 
Primer sequences for new markers were designed using Primer3 software 
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). To confirm their location, 
these markers were mapped on the radiation hybrid panel IMpRH panel using IMpRH 
server (Yerle et al. 1998; Milan et al. 2000). Their polymorphism was checked on both 
INRA and JXAU F0 and F1 animals. Based on the polymorphisms and the physical 
distribution of all markers, 19 markers were selected to be further genotyped in all F2 
generation. Finally, a total of 22 markers were common to both populations, namely: 19 
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microsatellites (SW980, SW1903, SW2456, SWR1861, SW259, SW1994, SW1426, 
SW1522, SW1943, SW1608, UMNP1174, UMNP1218, UMNP71, UMNP891, UMNP93, 
MCSE231M24, MCSE347J6, MCSI0244D12, MCST96O22 ), 2 SNPs in the ACSL4 gene 
(intron3:g.280G>A and g.359A>C, denoted as ACSL4I3B280R and ACSL4I3B359M, 
respectively, the allele “1” of the two SNPs representing their former nucleotide “G” or 
“A”, GenBank No. AJ785784) and a 14-bp deletion mutation in the SLC25A5 gene 
(intron2:g.103-116del 14, denoted as SLC25A5I2B102DE, the allele “1” representing the 
non-deleted allele,  GenBank No. AM746979). The 22 markers are all located in the 
chromosome X-specific region, i.e. non-pseudoautosomal region.  
PCR were typically performed in a 10 µl reaction volume containing 20-25 ng of 
template DNA, 1×PCR buffer, 200 uM each dNTP, 0.25 uM each of forward and reverse 
primer (forward primer were labeled with fluorescent tags), and 0.25 U Taq polymerase 
(AmpliTaq Gold polymerase; Applied Biosystems). For some forward primers without 
fluorescent tags, an M13 adaptor (5’-GTTTTCCCAGTCACGACGTTG-3’) was added to 
their 5’ ends, as described by Schuelke (2000). In this case, the concentrations of forward, 
reverse and M13 primers in PCR reaction were adjusted to 0.1, 0.15 and 0.15 uM, 
respectively. The typical PCR profiles included an initial denaturation at 94 °C for 5 min 
followed by 35-45 cycles of 94 °C for 30 sec, annealing temperatures (50-60 °C) for 30 
sec and 72 °C for 30 sec, with a final extension at 72 °C. PCR products of microsatellites 
were analyzed for fragment length using ABI3130 or ABI3730 sequencers and 
GeneMapper 3.7 software (ABI, Foster City, USA). The ACSL4I3B280R and 
ACSL4I3B359M were genotyped by PCR-RFLP, after digestion by enzyme MspI and 
Tsp509I, respectively. Length polymorphism of SLC25A5I2B102DE was assessed by 
agarose gel (3%) electrophoresis.  
Female-specific linkage map was constructed using CRIMAP 2.4 (Green et al. 
1990), with the 22 markers genotypes in both populations. Resulting recombination 
fractions were then converted into map distances using the Haldane mapping function. 
The map estimated by jointly for the populations covers 110 cM, with an average 
intermarker distance of 2.1 cM within the QTL region SW2456-SW1943 (in Haldane 
distance). Marker SW259, SW1994, SW1426 and SW1522 were in different position/order 
compared with the USDA-MARC linkage map. Details of the markers and linkage map 
were given in Table S1 and Figure 1 (and 2), respectively. Because four microsatellites 
SW259, SW1994, SW1943, UMNP1218 were mapped at the same position (74.9 cM), 
only the most informative marker SW259 was used in the QTL analyses. ACSL4 was 
located at 80.4 cM and only one SNP (ACSL4I3B359M) the more informative, was 
included in the QTL analysis. 
 
Statistical Analyses  
QTL analyses 
QTL detection was performed using the QTLMap software (https://qgp.jouy.inra.fr/; 
Gilbert et al. 2008).A line-cross model and a dam-family model were both applied. The 
populations were initially analyzed separately. For the JXAU population, the QTL 
analyses were performed for each sex separately. However, QTL positions were 
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computed only on the joint linkage map. For the line-cross model, the general univariate 
model for all traits was: 
yijk = μij + {effectl} + PjkS + eijk      
where yijk is the record for  individual k from sire i and dam j; μij is the sire i and dam j 
family mean; {effectl} is a set of fixed effects and covariables estimated for the F2 
population l (l=INRA or JXAU); S is the substitution effect for the QTL alleles; the 
coefficient Pjk is the probability of the kth individual inheriting the allele of Chinese or 
Western breed origin from the dam j; eijk is the residual value of mean zero and standard 
deviation σi. {effectl} covered batch, and sex if necessary, as fixed effects, and carcass 
weight as a covariable for BFT and HW. In the dam-family analyses, a specific 
substitution effect Sk was estimated for each dam family. 
For joint analyses (only using F2 males), we grouped Chinese MS and ER as one 
fixed “breed” and the Western breeds LW and WD as another. The single-QTL model 
with population interaction was also tested to investigate whether the QTL effects were 
significantly different in the populations. The maximum likelihood for the interaction 
model was compared to the maximum likelihood for the model with no interaction 
(Walling et al. 2000) to test if the latter could be rejected.  
This study focuses on a single chromosome where QTL have been detected in two 
populations; thus it might be argued that a genome-wide significance threshold is too 
stringent. However, we expect that the future joint analysis may be used to scan the entire 
genome and one of the major aims of this study is a comparison with genome scans based 
on individual studies. Thus, for the sake of comparison we use a genome-wide 
significance threshold. The genome-wide thresholds were derived from chromosome-
wide significance levels, using an approximate Bonferroni correction: PGenome-wide = 1 - (1 
- PChromosome-wide)1/r, in which r was the number of chromosomes in the pig genome (Knott 
et al. 1998). Chromosome-wide thresholds for each trait were estimated from 2000 
simulations under the null hypothesis. Following Lander and Botstein (1989), 
approximate confidence intervals (CI) were set for QTL locations using the one-LOD 
drop-off method. 
Haplotype analyses of F1 sows 
The phase of the paternally and maternally inherited chromosomes for F1 sows were 
constructed using the Gemma software (https://www-
lgc.toulouse.inra.fr/internet/index.php/Tools/Gemma.html). We noticed that there was 
significant heterogeneity in the recombination rate among the F1 sows in the region 
SW1426-SW1943 within QTL interval, and inferred that this heterogeneity was associated 
with maternal haplotypes of Chinese origin (Ma et al. submitted to BMC Genomics). In 
INRA population, three F1 full-sisters (910002, 910009 and 910010) inheriting the same 
maternal (MS) haplotype showed significantly higher recombination rates in the region, 
compared with their other full-sister 910013 who carried an alternative maternal 
haplotype. Meanwhile, two related F1 sows 910018 and 910097 shared the same 
maternal haplotype over most of the QTL region with 910013. This haplotype was 
proved to be an identical by descent (IBD) inherited from one of their recent common 
ancestors (Ma et al. submitted to BMC Genomics). Hence, we divided the 6 F1 dam 
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families into two groups (combined family “A” for the families sharing the 910013’s 
haplotype and combined family “B” for the three other full sisters) according to their 
maternal haplotypes. QTL effects were estimated again within each group. When the 1-
QTL model was significant, a further analysis using a 2-QTL model was applied.  
 Candidate gene analyses 
ACSL4 haplotype substitution effect was calculated by regressing phenotypes on 
haplotype using a variance analysis (SAS Inst. Inc., Cary, NC) including fixed effects of 
haplotype, sire and dam. In addition, we performed statistical analyses under a combined 
QTL-association model (Mercadé et al. 2006) including the QTL and the ACSL4 SNP 




The results from the single-population analyses and the joint analyses with line-cross 
model and dam-family model are presented in Table 1. For each trait, the maximum 
likelihood ratio test (LRT), the corresponding QTL substitution effects and most likely 
positions are given. Profiles of the test statistics along the chromosome for average BFT 
and HW are plotted in Figure 1 for line-cross analyses of male performances. 
Based on line-cross analyses, we detected QTL for all traits on SSCX. In JXAU 
results, animals from the two sexes shared some genome-wide significant QTL for 
fatness traits (BFT at last rib and at hip joint, average BFT and IMF) and suggestive QTL 
for HW. However, the QTL position and the size of QTL effects estimated for different 
sexes were different. For males, the fatness and HW QTL were mapped at similar 
position (70-71 cM), distal to those mapped for females (59-66 cM). Fatness QTL 
seemed to exhibit stronger effects on male traits than on female traits. Effects were 
similar in both sexes for HW QTL. Significant QTL effect on BFT at shoulder and LEA 
and CW were found only in males. The LEA QTL was located nearby the BFT QTL, 
whereas the CW QTL was mapped at 0 cM, far from other QTL locations. CI were larger 
than 30 cM for CW, HW and IMF, and between 10 and 15 cM for the remaining traits. 
From analysis of INRA F2 male data, we identified with the line-cross model 
highly significant QTL for BFT (79-80 cM) and for HW (74 cM). No significant result 
for CW was obtained in the INRA population.  
Joint analyses resulted in greater significance for tests for BFT and HW compared 
with individual population analyses. QTL peaks for BFT and HW were located at 76 cM 
and 73 cM, respectively-- at an intermediate position between the QTL peaks obtained in 
individual populations. In contrast, joint analysis resulted in slightly lower significance of 
the CW QTL compared with the analysis of JXAU population. This may reveal either 
that this QTL could segregate only in the JXAU population, or that this QTL could be a 
false positive one as the significance level was low in the JXAU analysis.  
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To test whether QTL effect is dependent on the population or not, we compared the 
models with and without population interaction for the QTL effect estimation. The 
interaction was not significant for any trait (P > 0.25). 
Dam-family analyses evidenced all QTL detected in the INRA and joint population 
by line-cross analysis, but provided less consistent results for the JXAU population. This 
is probably due to that the offspring-size of each dam in INRA population is larger (9 to 
63 progeny per dam) than that in JXAU population (2 to 22 progeny per dam), which 
helps to improve the accuracy of familial trait distributions and thus QTL effects 
estimation in the former. Note that under the dam-family model, 82-83 cM was the 
position of QTL peak for IMF in JXAU population and for BFT in INRA population.  
Estimated QTL effects varied considerably among F1 dam families (data not 
shown), suggesting a possibility that QTL were segregating within one or both founder 
breeds. To verify this possibility, we performed QTL analyses separately for two 
combined dam families as they had higher statistical power for the analysis than 
individual families. Table 2 presents a striking contrast between their QTL results. There 
was complete absence of QTL for BFT in the combined family “A”. Negligible QTL 
effect on HW was detected, since the LRT for HW at 72 cM was 5.7, much lower than the 
5% chromosome-wise significance threshold (11.3). It should be pointed out that the 
contribution of each dam family to the QTL results was unequal, because of their 
different offspring-sizes. The three related F1 sows 910013, 910018 and 910097 had 30, 
13 and 13 phenotyped F2 sons, respectively. In contrast, the combined dam family “B” 
with F1 full-sisters 910002, 910009 and 910010 yielded highly-significant LRT for both 
BFT and HW at 78 and 76 cM, respectively. In this family, the recombination rate over 
the QTL region was high, which may facilitate to distinguish linked QTL. However, 2-
QTL model was not more significant than 1-QTL model for all studied traits.  
 
Haplotype Analyses 
The maternal (MS) and paternal (LW) haplotypes inherited by the INRA F1 sows within 
the two combined dam families are shown in Figure 2 for the preliminary QTL region 
(between SW2456-SW1943). Haplotypes carried by 910009 and 910010 are omitted in 
the figure because they are the same as the haplotypes of 910002. This chromosomal 
region encompasses a large recombination cold spot (~0 cM) that extends from SW259 to 
UMNP1218, with a corresponding physical distance of 36.4 Mb on the human 
chromosome X. Some segregating (910002) and non-segregating (910013 and 910097) 
sows shared the same LW haplotype covering most part of the cold spot between 
MCSE3F14 and UMNP1218 (about 34.5 Mb in length). Moreover, these sows inherited 
highly similar MS haplotypes over the region, with only one exception of the alleles (7 or 
2) for the marker MCSE58H4. In fact, except one F0 sow 890690 (the mother of 910002) 
that was heterozygous (7/2), other 5 F0 sows were all homozygous (2/2) for the maker 
MCSE58H4, and also homozygous for the haplotype over the region MCSE3F14-
UMNP1218. As the BFT QTL explained about 40% of phenotypic variance in the whole 
INRA F2 male population (n = 488), a high frequency of the fat allele in Meishan sows 
was expected. Therefore, the allele 7 for MCSE58H4 with very low frequency in MS 
breed could not represent the fat allele for the QTL and the whole haplotype could be 
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considered as an identical by state (IBS). From these results, we can deduce that the BFT 
and HW QTL are not located in the region MCSE3F14-UMNP1218.  
 
Candidate Gene Analyses 
We examined allelic frequencies of the ACSL4 SNP polymorphisms in the founder breeds 
and F2 males of the two populations (Table 3). Alleles 1 for the two SNPs were fixed in 
the 6 LW and 2 WD boars, whereas both alleles of both markers were segregating in 
Chinese pigs. Compared to MS, ER had higher frequency of the ACSL4I3280R allele 1 
(0.85 vs. 0.58) but lower frequency of the ACSL4I3B359M allele 1 (0.32 vs. 0.58). Only 
three haplotypes 1-1, 1-2 and 2-1 were segregating in these Chinese sows.  Haplotype 1-1 
was the most frequent (>0.50) in the two populations. Haplotypes 1-2 and 2-1 showed 
almost equal frequencies in INRA F2 males, while the haplotype 2-1 was scare in JXAU 
F2 males, due to low frequency of allele 2 for ACSL4I3280R in ER.  
Table 4 shows that ACSL4 haplotypes exerted significant effects (P <0.001) on 
BFT, HW and IMF but not on CW, and that there were significant differences (P <0.05) 
between the effects of haplotypes 1-1 and 1-2 and between the effects of haplotypes 1-1 
and 2-1. Effects of haplotypes 1-2 and 2-1 did not differ significantly for any trait. 
Haplotype 1-1 increased fatness and decrease HWcompared to haplotypes 1-2 and 2-1.  
Including individual SNP genotypes as fixed effect in the QTL model resulted in a 
considerable decrease in LRT for the BFT and HW QTL, but the QTL effect remained 
significant and the QTL location did not change (Table 5). When SNP haplotypes were 
included in the analysis, all QTL became non-significant.  
 
Discussion 
As more marker information was included in this analysis, the lengths of CI for the BFT 
and HW QTL were shortened at least 5 cM, compared with the previous CI estimates 
(Milan et al. 2001).  
For HW, QTL analyses in different data of F2 males under both line-cross and 
dam-family models mapped most likely positions of QTL in a short interval (71-74 cM). 
The HW QTL was highly significant in INRA population, while it was only significant at 
suggestive level in JXAU population. The joint analysis displayed a shrinked confidence 
interval for the QTL position and an increased significance for the test statistic compared 
to the JXAU population, while they were similar to that obtained for the INRA 
population (Fig. 1). These results indicate that there might be one single QTL, or at least 
one major QTL, affecting HW in the two populations, but showing different allele 
frequencies and/or different alleles in the populations.  
In contrast, broad QTL peaks for BFT in the joint analyses (Fig. 1), and large peak 
for IMF and bimodal peak for LEA in the JXAU analyses (not shown) were observed 
herein, and also reported in previous papers (Rohrer & Keele 1998a, b; Harlizius et al. 
2000; Sato et al. 2003). This suggests that there could be multiple QTL influencing these 
traits in the region. However, at least in combined dam family “B”, the analysis fitting a 
two QTL model versus a 1 QTL model for BFT did not provide significant result (Table 
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2), which is probably due to limited data or the proximity of the positions that we 
intended to differentiate. The most likely positions of the BFT QTL for JXAU F2 males 
and for INRA F2 males differed by almost 10 cM. Even so, we still cannot conclude that 
different QTL segregated in the two populations, because many factors, such as 
environment effect, genetic background and differences in trait records (obtained at 
different slaughter ages and anatomic locations) between populations, could influence the 
precision of QTL position estimates. Furthermore, the LRT for the BFT QTL is more 
significant in the joint analyses. Therefore, if multiple QTL affecting BFT exist, it is 
more likely that the two populations share most or all of them, but with different main-
effect QTL and/or different QTL frequencies.  
The analyses of INRA F2 males mapped the HW QTL at least 5 cM proximal to the 
BFT QTL, which is in agreement with the result of Pérez-Enciso et al. (2005) who also 
presented the population data in their joint analyses and in agreement with the result of 
Čepica et al. (2007) too. However, there is a discrepancy between the present result and 
the result of Čepica et al. (2007) in the location of CW QTL. We mapped a suggestive 
QTL for CW to the proximal end of the p-arm of SSCX, with ER allele decreasing the 
phenotype values. While (Čepica et al. 2007) identified a genome-wide significant QTL 
for CW which were co-localized with BFT QTL at the centromeric region of SSCX in a 
F2 cross between wild boar and MS; the allele increasing CW originated from MS breed.  
In this study concentrating on some dam families sharing particular haplotypes in 
the QTL region, we found strong QTL effects on BFT and HW in one group of dam 
families but no significant effect in another one. These results suggest QTL segregation 
within breeds, as shown by Guo et al. (2008). Since LW as a commercial line has been 
selected for lean growth over decades, it is more likely that QTL alleles are segregating in 
the Chinese MS breed. This deduction is supported by the fact that the full-sisters 910002 
and 910013 carried the same LW X-chromosomal segment but inherited alternative MS 
X-chromosomal segment from their mother (Fig. 2), resulting in difference in observed 
effect between them. If a lean allele segregates in MS animals, it would be very useful to 
ameliorate the fatness traits in this breed, or to eliminate only this fat allele rather than the 
whole MS X-chromosome in the Sino-European synthetic lines.  
Although joint analyses narrowed the QTL intervals for BFT and HW into less 
than 14 cM (between UMNP1174-MCSE231M24), the intervals still span ~63 Mb, 
because of a large recombination coldspot inside. Fortunately, haplotype analysis allowed 
us to exclude most part of the coldspot from MCSE3F14 to UMNP1174 (~34 Mb; Fig. 2), 
which leads to considerable decrease in the number of candidate genes. Using dense 
markers at the boundaries (SW259-MCSE3F14 and UMNP1218-SW1426) of the cold spot 
may help to exclude an even larger region.   
The most likely position for the BFT QTL estimated in INRA population is distal 
to the coldspot (79 cM vs. 74.9 cM). Coincidently, segregating and non-segregating F1 
sows carried different MS segments of IBD covering the distal region SW1426-
MSCE347J6 (78.3-86.1 cM), but they, except 910013, shared similar MS haplotype over 
the proximal region SW1861-SW259 (72.8-74.9 cM; Fig. 2). So the distal region may be 
more likely harbor a major QTL for BFT. 
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ACSL4 is located at 80.5 cM, in close proximity to the QTL most likely position in 
INRA population. In the two populations, ACSL4 showed consistent and multiple 
significant associations at the single SNP (data not shown) and haplotype levels (Table 4). 
The comparisons of LRT significances implied that the polymorphisms of ACSL4 
genotypes are unlikely to be responsible for the QTL effect on fatness, but that the 
haplotypes might be in linkage disequilibrium with the causal mutation. Indeed, we can 
discard the two ACSL4 SNPs as the causal mutation because the samples of segregating 
and non-segregating F1 sows had the same SNP genotype. Nevertheless, we cannot 
preclude that a polymorphism in the gene mRNA sequence or cis-acting elements could 
be involved in the QTL. Mercadé et al. (2006) sequenced quite all the ACSL4 mRNA in 
multiple breeds, and identified 10 polymorphisms within the 3’-UTR region, all of which 
formed only two haplotypes. Due to that one of the two haplotypes was almost fixed in 
both MS and LW breeds, it could not be responsible for our observed effects on BFT.  
Čepica et al. (2007) proposed other candidate genes, of which IRS4 and SERPINA7 
within the currently refined QTL region UMNP1218- MCSE231M24 are of interest to 
study in the future.  
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Table 1. QTL detections on single populations and joint QTL detections 
 Line-cross model Dam-family model 









(a) JXAU F2 females        
CW (kg) 3.8 0 － 0.46 77.6 1 － 
BFT at shoulder (mm) 3.3 62 － 0.62 67.7 74 － 
BFT at 6-7 rib (mm) 12.3* 59 17-81 1.36 79.3 103 － 
BFT at last rib (mm) 20.2*** 59 37-72 1.56 81.6 59 － 
BFT at hip joint (mm) 26*** 61 40-72 2.35 80.6 35 － 
Average BFT (mm) 15.6*** 59 35-76 1.41 71.9 103 － 
HW (kg) 11.3* 66 35-110 -0.08 75.8 60 － 
IMF (%) 18.1*** 59 39-76 0.13 78.4 87 － 
LEA (cm2) 3.4 74 － -0.39 98.8 12 － 
(b) JXAU F2 males        
CW (kg) 9.2* 0 0-32 -0.83 98.7 2 － 
BFT at shoulder (mm) 18.7*** 70 59-79 1.40 77.4 70 － 
BFT at 6-7 rib (mm) 18.6*** 71 59-81 1.49 61.3 70 － 
BFT at last rib (mm) 32.6*** 70 62-80 1.67 82.5 70 － 
BFT at hip joint (mm) 63.1*** 71 65-79 3.19 120.7* 71 65-77
Average BFT (mm) 37.5*** 70 63-79 1.98 87.5 70 － 
HW (kg) 8.1* 71 29-83 -0.06 79.3 110 － 
IMF (%) 33.5*** 74 57-87 0.24 107.2* 83 81-96
LEA (cm2) 46.3*** 72 66-81 -1.38 119.5* 72 70-75
(c) INRA F2 males        
CW (kg) 7.2 46 － -1.28 34.6 28 － 
BFT1 (mm) 59.9*** 80 72-86 1.30 83.5*** 82 74-86
BFT2 (mm) 73.4*** 79 72-86 1.46 100.1*** 84 74-88
Average BFT (mm) 74.1*** 79 73-86 1.40 95.7*** 82 74-86
HW (kg) 63.5*** 74 71-81 -0.09 81.5*** 75 72-85
(d) Joint F2 males        
CW (kg) 8.4* 4 0-56 -0.72 121.5* 0 0-13 
BFT1 (mm) 87.1*** 76 70-83 1.29 155.5*** 77 73-87
BFT2 (mm) 88.3*** 77 72-83 1.36 157.3*** 77 73-85
Average BFT (mm) 101.8*** 76 72-81 1.39 168.5*** 76 73-81
HW (kg) 66.5*** 73 70-79 -0.08 136.5*** 74 71-81
1CW = carcass weight; BFT = backfat thickness; HW = ham weight; IMF = intramuscular fat content; 
LEA = loin eye area. For joint analyses, BFT1 = BFT at last rib from JXAU + BFT1 from INRA; 
BFT2 = BFT at 6-7 rib from JXAU + BFT2 from INRA. In INRA experiment, BFT1 was measured 
between the 3rd and the 4th lumbar vertebrae at 8 cm from the spine; BFT2 measurement was taken 
simultaneously three vertebrae beneath the last rib at 6 cm from the mid-dorsal line. 
2Significance level: * 5% chromosome-wide significance; ** 5% genome-wide significance; *** 1% 
genome-wide significance; in gray, non-significance. 
3QTL positions from the female linkage map of joint population. 
4CI = confidence interval of QTL position computed by a 1-LOD drop-off method, not estimated for 
non significant results 
5QTL substitution effect = Chinese allele – European allele 
6LRT = likelihood ratio test 
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Table 2. QTL detections using combined dam family from INRA population 
 Combined dam family A1 Combined dam family B2 
 1-QTL model 1-QTL model  2-QTL versus 1-QTL test  





CW (kg) 56 1.1 0 129 3.0 41  2.2 86 87 
BFT1 (mm) 55 2.3 73 133 15.8** 78  6.0 31 76 
BFT2 (mm) 55 1.3 59 133 18.2** 78  5.0 41 76 
Average BFT (mm) 55 2.2 74 133 18.4** 78  4.7 37 76 
HW (kg) 56 5.7 72 130 25.3*** 76  3.8 72 89 
1The combined dam family A include the sub-families of three F1 sows: 910013, 910018 and 910097. 
2The combined dam family B include the sub-families of three F1 full sisters: 910002, 910009 and 
910010. 
3CW = carcass weight; HW = ham weight. For joint analyses, BFT1 = BFT at last rib from JXAU + 
BFT1 from INRA; BFT2 = BFT at 6-7 rib from JXAU + BFT2 from INRA. In INRA experiment, 
BFT1 was measured between the 3rd and the 4th lumbar vertebrae at 8 cm from the spine; BFT2 
measurement was taken simultaneously three vertebrae beneath the last rib at 6 cm from the mid-dorsal 
line. 




Table 3. Frequencies of SNP alleles and haplotypes in the intron3 of ACSL4 gene 
  ACSL4I3B280R ACSL4I3B359M Haplotypes2 
Breeds or F2 








(C) 1-1 1-2 2-1 2-2 
LW 6 1.00  0.00  1.00  0.00  1.00  0.00  0.00 0.00  
WD 2 1.00  0.00  1.00  0.00  1.00  0.00  0.00 0.00  
MS 6 0.58  0.42  0.58  0.42  0.16 0.42  0.42 0.00 
ER 17 0.85  0.15  0.32  0.68  0.17  0.68  0.15 0.00 
INRA F2 males 551 0.76  0.24  0.74  0.26  0.50  0.26  0.24 0.00  
JXAU F2 males 497 0.96  0.04  0.66  0.34  0.61  0.35  0.04 0.00  
1LW = Large white; WD = White Duroc; MS = Meishan; ER = Erhualian; 
2Haplotypes are coded as x-y, where x is the allele for the ACSL4I3B280R (ACSL4 intron3:g.280G>A), 
and y is the allele for the ACSL4I3B359M (ACSL4 g.359A>C). 
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 Table 4. ACSL4 haplotype effects on phenotypes 
Traits1 P value2 Haplotype3 Least-square Means4 SE 
CW (kg) 0.57 1-1 0.05 0.31 
  1-2 -0.24 0.42 
  2-1 0.31 0.62 
BFT1 (mm) <0.001 1-1 -0.93a 0.23 
  1-2 1.08b 0.31 
  2-1 1.27b 0.46 
BFT2 (mm) <0.001 1-1 -0.91a 0.21 
  1-2 0.96b 0.28 
  2-1 1.43b 0.41 
Average BFT (mm) <0.001 1-1 -1.02a 0.22 
  1-2 1.19b 0.3 
  2-1 1.38b 0.44 
HW (kg) <0.001 1-1 0.05a 0.01 
  1-2 -0.06b 0.02 
  2-1 -0.07b 0.03 
IMF (%) <0.001 1-1 -0.11a 0.04 
  1-2 0.15b 0.05 
  2-1 0.15b 0.09 
1CW = carcass weight; HW = ham weight; IMF = intramuscular fat content. For joint analyses, BFT1 = 
BFT at last rib from JXAU + BFT1 from INRA; BFT2 = BFT at 6-7 rib from JXAU + BFT2 from 
INRA. In INRA experiment, BFT1 was measured between the 3rd and the 4th lumbar vertebrae at 8 cm 
from the spine; BFT2 measurement was taken simultaneously three vertebrae beneath the last rib at 6 
cm from the mid-dorsal line. 
2P-values for the test of a model accounting for fix effects for the haplotype, sire and dam.  
3Haplotypes are coded as x-y, where x is the allele for the SNP ACSL4I3B280R, and y is the allele for 
the SNP ACSL4I3B359M. 
4Values in bold differed significantly from zero (P < 0.05). Values within a trait with different 
superscripts differed significantly (P < 0.05).  
 
 
Table 5. QTL detections for phenotypes corrected for the ACSL4 SNPs genotypes and 
haplotypes 








CW (kg) 11.4  7  10.5  0  10.8  2  
BFT1 (mm) 35.9 75  29.5  75  5.1  74  
BFT2 (mm) 39.2  76  28.7  76  11.8  110  
Average BFT (mm) 43.7  76  28.6  75  6.2 110  
HW (kg) 30.9  73  28.8  73  7.7  72  
1CW = carcass weight; HW = ham weight. For joint analyses, BFT1 = BFT at last rib from JXAU + 
BFT1 from INRA; BFT2 = BFT at 6-7 rib from JXAU + BFT2 from INRA. In INRA experiment, 
BFT1 was measured between the 3rd and the 4th lumbar vertebrae at 8 cm from the spine; BFT2 
measurement was taken simultaneously three vertebrae beneath the last rib at 6 cm from the mid-dorsal 
line. 
2LRT in bold are beyond the 5% chromosome-wide thresholds.  
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Figure 1. Profiles of the test statistics across the porcine chromosome X for carcass 
average backfat thickness (average BFT) and ham weight (HW) in individual and 
joint populations with line-cross model. Maximum LRT locations for BFT and HW of 
JXAU (at 71 cM), for HW of INRA (at 74 cM) and for BFT of INRA (at 79 cM) are 
indicated by three dash lines. Marker SW259 is located at a recombination coldspot. 
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Figure 2. Haplotype analysis of a subset of INRA F1 sows. Each chromosomal segment is depicted as a series of marker alleles, ordered relatively 
to the joint linkage map, RH map, pig clone map and human-pig comparative map. Marker names, linkage map position (in cM) and human 
physical map (in Mb) are indicated above the respective alleles. Individual sows names, as well as the breed of origin (LW = Large White; MS = 
Meishan), are indicated to the left of each segment. QTL were segregating in 910002 (which harbours same haplotypes as her full-sisters 910009 
and 910010), but not in other three related F1 sows 910013, 910097 and 910018.  
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Table S1. The information of 39 markers including 36 microsatellites and three SNPs in two genes (additional gene-based and BAC-based SNPs 























enzyme Mutation Tm Sequence UP6 Sequence DN 
SW949 2126   0 USDA-MARC map       
SW980 1861 11.38 0 11.9 USDA-MARC map       
      
      
      
      
      
      
      
      
      
      
      
   
SW1903 1588 25.47 27.4 33 USDA-MARC map 
SW2456 1345 42.14 48 55.4 USDA-MARC map 
UMNP1174 1253 47.22 58.4  Fahrenkrug et al. 2005
SW2476 1250 48.32  77.6 USDA-MARC map 
SWR1861 1211  61.2 65.7 USDA-MARC map 
UMNP448 1200 50.42   Krause et al. 2002 
SW259 1045 63.35 63.3 74.4 USDA-MARC map 
MCSE3F14 1093 65.3    182-189  (GT)n 55 gttttcccagtcacgacgttgCTTTCCCTAATGGAAGTGTCAG AGCATTTTGTGTTTGCTCCA 
MCST2J13  74.74    178-194  (GT)n 55 gttttcccagtcacgacgttgGCATGCAAGCTTAGTGCAAA TCCCTCCCCAACATACACAT 
SW1994 1007 79.92 63.5 74.4 USDA-MARC map 
MCSE58H4 983 83.46    205-252  (TA)n 55 gttttcccagtcacgacgttgGCTTGGCTGAAATGAGAAAGG CCTTTGATGTCTGCTTTTGG 
MCSE65L7 932 91.66    353-357  (AC)n 58 gttttcccagtcacgacgttgGCAATCACTGGACTGAGCCTA 
TCTGCCCTAAACTTGTTGTTC
TT 
UMNP71 905 93.18 63.6  Korwin-Kossakowska et al.  2002 
UMNP374 840 97   Krause et al. 2002 
UMNP1218 800 99.84 63.6  Fahrenkrug et al. 2005
SW1426 710 107.08 66.7 71.7 USDA-MARC map    
MCSE313H19.0244  108.38    158-174  (CA)n 58 gttttcccagtcacgacgttgTCTTGGGCTTCCTCACTTTAC 
CTGGAAATCAAGGGAAAGAGA
AT 
Chapter 6 – fine mapping of fatness QTL on SSCX
107
ACSL4I3B280R      207  Tsp509I  G>A 56 AGCAAACAAACACTGGCA 
TCATCTGTGCCATTATGCCTA
C 
ACSL4I3B359M 687 108.58 68.9   207 MspI A>C 56 AGCAAACAAACACTGGCA TCATCTGTGCCATTATGCCTAC 






MCSE12P4.1041  109.65    125-152  (GT)n 55 gttttcccagtcacgacgttgTGGAATGTGTGAGTTTGTGG 
GATCAAAGCATAGACTGAAGT
AAGG 
MCSE12P4.0112      172-212  (CA)n 58 gttttcccagtcacgacgttgAGAAGGGAAACGTGAGACATA CCCAGAGCAAATAGAAGAGG 
MCST96O22 658 110.22 73.2   226-256  (AT)n 58 gttttcccagtcacgacgttgCAGGTATACAGCAAAGCAATTCA GGTCCCTGTGCAAGGATG 
UMNP891 656  73.6  Fahrenkrug et al. 2005       
      
      
      
      
      
      
      
      
      
      
      
MCSE347J6 646 110.63 74.9   157-174  (CA)n 58 gttttcccagtcacgacgttgTTTCTGTACCCTCACCCATC 
CATGGAAGTTTCACTCCAAAC
C 
SW1522 595 113.73 77.7 55.4 USDA-MARC map 
UMNP93 540  79.1  Korwin-Kossakowska et al.  2002 
UMNP870 522 117.67   Fahrenkrug et al. 2005
MCSI0244D12 506 118.15 81.5   210-264  (AG)n 60 gttttcccagtcacgacgttgGCCAAGCACAGAGGCTTTAG TGCAACACTCAGTGGAAAGG 
SLC25A5I2B103DE  118.36   Čepica et al. 2001 
UMNP1008 475 118.75   Fahrenkrug et al. 2005
SW1943 440 126.14 84.6 87.4 USDA-MARC map 
SW1608 304 132.31 97.4 101.9 USDA-MARC map 
SW707 286   107.9 USDA-MARC map 
SW2137 273   108.1 USDA-MARC map 
S0218 211   114.4 USDA-MARC map 
SW2588  150.01  128.4 USDA-MARC map 
1Twenty-two Markers in bold were genotyped in both INRA and JXAU F2 population and included in the current genetic map. SNPs in the ACSL4 and SLC25A5 genes are 
shown in italic. The most likely order of all markers was determined by combination of common order shared by RH, physical and genetic maps. 
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 2Positions of markers were determined by using IMpRH (7000-rad) panel and the reference map of INRA2006 (http://rhdev.toulouse.inra.fr/Do=Maps). 
3The full sequences of markers were submitted to “Blast all submitted clone” analysis (http://www.sanger.ac.uk/cgi-bin/blast/submitblast/s_scrofa) for identification of clones 
used in pig genome assemblies.  Hit locations of these clones on Human chromosome X (HSA-X) have been presented on the Sanger web (http://www.sanger.ac.uk/cgi-
bin/Projects/S_scrofa/WebFPCreport.cgi). 
4Bold numbers indicate that the markers (SW2476, SW259, SW1994, SW1426 and SW1522) were in reverse order on USDA-MARC map vs. the current genetic maps or other 
maps.  
5Markers without references are newly developed, and thus their PCR fragment sizes, restriction enzymes, mutations, PCR annealing temperatures (Tm) and primer sequences 
are presented in the table.  
6The forward primer for microsatellite markers contains universal M13 adaptor (5’-gttttcccagtcacgacgttg-3’). 
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Abstract
NALP5, also known as MATER (maternal antigen that embryos require), is an oocyte-specific maternal
effect gene required for early embryonic development. Because of the specificity of NALP5 expression,
and its role in female fertility, NALP5 is an interesting candidate gene for economically important female
reproductive traits.
Here we describe the chromosomal assignment of the porcine NALP5 gene to the long arm of pig
chromosome 6 (SSC6q21-22), a region known to harbour several reproduction quantitative trait loci.
© 2008 Elsevier B.V. All rights reserved.
Keywords: Pig; Porcine chromosome 6; Mouse; Embryonic development; Female fertility
1. Introduction
NALP5 (NACHT, leucine-rich repeat and PYD containing 5) also known as MATER (maternal
antigen that embryos require) is a members of the NALP gene family, a family of proteins important
for gametogenesis, folliculogenesis and early embryonic development. NALP proteins exhibit
three characteristics domains: a N-terminal PYD domain, followed by a NACHT domain and 12
C-terminal leucine-rich repeats.
∗ Corresponding author. Current address: Unité de Génétique Mol  éculaire Animale, UMR1061, INRA-Université de
Limoges, Faculté des Sciences, 123 Avenue Albert Thomas, 87060 Limoges, France. Tel.: +33 5 55 45 76 55;
fax: +33 5 55 45 76 53.
E-mail address: dominique.rocha@unilim.fr (D. Rocha).
0378-4320/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.anireprosci.2008.05.009
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So far, NALP5 genes have only been described in mouse (Tong and Nelson, 1999; Tong
et al., 2000a), human (Tong et al., 2002) and cattle (Ponsuksili et al., 2006). NALP5 displays
oocyte-restricted expression in mouse, human and cattle. Nalp5 is required for early embryonic
development beyond the two-cell stage and exhibits maternal effects, with null female mice being
sterile (Tong et al., 2000b).
Several porcine quantitative trait loci (QTL) for female reproductive traits have been identified
(Hu et al., 2005; Buske et al., 2006). Because of the specificity of NALP5 expression, and its role
in female fertility, NALP5 is an interesting candidate gene for a number of such economically
important reproductive traits (for example stillbirth or non-return rate). In addition, the cattle
NALP5 gene has recently been assigned to a QTL region for reproductive traits (Ponsuksili et al.,
2006). As a first step in investigating this gene we determined the chromosomal localisation of
the porcine NALP5 gene in order to see if it showed any relationship to known quantitative trait
loci.
2. Materials and methods
2.1. Identification of a porcine NALP5 genomic BAC clone
Using the bovine full-length cDNA sequence of NALP5 (Genbank accession number
NM 001007814.2), BLASTN searches were performed against porcine DNA sequences deposited
in all Genbank databases. Significant hits were detected with one Expressed Sequenced Tag (Gen-
bank accession number AW486781.1) and one BAC end sequence (Genbank accession number
CT218221.1).
The following PCR primers were designed in this BES using Primer3 (www.genome.wi.
mit.edu/cgi-bin/primer/primer3 www.cgi): NALP5 F 5′-CATGTGTGCCCTGCAGACT-3′ and
NALP 5R 5′-CGTTAACCACTGAGCTATGACG-3′. PCR primers were obtained from Operon
(Cologne, Germany). BAC plasmid DNA was prepared using the Qiaprep Spin Miniprep kit
(Qiagen, Crawley, UK). PCR was performed in 10l containing 10 ng of BAC DNA, PCR
buffer, 1.5 mM MgCl2, 250M of each dNTP, 100 nmol of each primer and 0.5 U AmpliTaq
DNA polymerase (Applied Biosystems, Warrington, UK). The following touchdown cycling
protocol was used: 94 ◦C for 12 min, followed by 16 cycles of 94 ◦C for 30 s, 30 s of anneal-
ing (the annealing temperature was progressively lowered from 71 ◦C to 56 ◦C in steps of
1 ◦C every cycle) and 72 ◦C for 30 s. These initial cycles were followed by 25 cycles of
94 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 30 s, and a final extension step at 72 ◦C for
5 min. The 295-bp PCR product was checked by gel electrophoresis and ethidium bromide
staining. After purification with the Qiaquick PCR Purification kit (Qiagen), the PCR prod-
uct was bi-directionally sequenced to confirm its identity, using the BigDye Terminator Cycle
Sequencing kit (Applied Biosystems) and an ABI 3130xl capillary sequencer (Applied Biosys-
tems).
2.2. Fluorescence in situ hybridisation
Porcine female metaphase chromosomes prepared from peripheral lymphocytes were
classified according to G-band pattern (Gustavsson, 1988). The porcine NALP5-containing
BAC clone was labelled with biotin-14-dATP by nick translation (Invitrogen, Paisley, UK)
and used for standard FISH (Trask, 1991). Immunodetection and amplification were per-
formed using avidin-FITC (Vector Laboratories, Peterborough, UK) and anti-avidin biotin
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(Sigma–Aldrich, Gillingham, UK). Chromosomes were counterstained with propidium iodide
and 4′-diamidino-2-phenylindole (DAPI) and identified with computer-generated reverse DAPI
banding.
2.3. Radiation hybrid mapping
The NALP5 primer pair was also used to screen the INRA-University of Minnesota 7000-rad
porcine × Chinese hamster whole-genome radiation hybrid (IMpRH) panel (Yerle et al., 1998).
PCR was performed in 10l using the PCR conditions described above and 25 ng DNA of each
RH cell line. PCR products were separated on a 1.5% agarose gel. The hybrids were scored
for presence/absence of the amplified product. Results were then compared against previously
mapped markers stored on the IMpRH server (Milan et al., 2000; http://imprh.toulouse.inra.fr and
http://rhdev.toulouse.inra.fr).
3. Results
Using the bovine NALP5 full-length cDNA sequence, BLASTN searches were performed
against porcine DNA sequences deposited in all Genbank databases. Significant hits were
detected with one Expressed Sequenced Tag and one BAC end sequence. Analysis of the
sequence alignments revealed that this EST contained part of the corresponding NALP5 exon
9, whereas the BES completely contained the corresponding NALP5 exon 8. The BAC end
sequence was derived from the BAC clone pigE-231O14. The clone was obtained from the
PigE BAC library (Anderson et al., 2000) and to confirm that it contained part of NALP5,
PCR primers were designed in the BES region flanking exon 8 and the resulting amplicon was
sequenced.
The BAC clone pigE-231O14 was then used in a FISH experiment and assigned to SSC6q21-
22 (Fig. 1). No paired signals were repeatedly detected on any other chromosomal region.
The NALP5 PCR primer pair was also used to screen the IMpRH panel. Statistical analysis
of the RH mapping results indicated that the porcine NALP5 gene was linked most closely to
CL388309 (400 cR7000rad; LOD score 8.12) previously mapped to pig chromosome 6 (Meyers et
al., 2005).
Fig. 1. Chromosomal localisation of the porcine NALP5 gene containing BAC pigE-231O14 by FISH analysis. Double
signals are visible on both chromosomes and specific signals for NALP5 were detected on chromosome SSC6q21-q22.
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4. Discussion
The localisation of the porcine NALP5 gene, obtained by FISH and radiation hybrid mapping,
is in agreement with comparative mapping data. Human NALP5 has been mapped to the region
19q13 (Tong et al., 2002). Bidirectional ZOO-FISH indicates that SSC6q21 shares homology
with human chromosome 19q13 (Goureau et al., 1996).
Several female reproductive quantitative trait loci have been assigned to porcine chromosome
6. Wilkie et al. have located at position 102 cM, a QTL for the number of born piglets per litter
(Wilkie et al., 1999).
Holl et al. identified two partially imprinted QTLs, one for the number of mummified pigs
and one for piglet birth weight, at position 81 cM and 155 cM, respectively. They also found a
paternally expressed QTL affecting the number of mummified pigs at position 191 cM (Holl et
al., 2004).
Yasue et al. found in a Gottingen miniature × Meishan cross a QTL for litter size (Yasue
et al., 1999). This QTL is located between markers SW855 and SW122 (position 77 cM and
83 cM, respectively). The litter size of the F1-crosses which were able to produce homozygotes
in this region, were 24% smaller on average, than F1-crosses which were unable to produce
homozygotes. This indicates that this region contained a recessive gene or genes which could
terminate fetal development. NALP5 gene is located in the confidence interval of this QTL.
Interestingly, the targeted disruption of the mouse NALP5 gene revealed that NALP5 is essential
for embryo development beyond the two-cell stage (Tong et al., 2000a,b).
5. Conclusion
The present study describes the chromosomal assignment of the porcine NALP5 gene, an
oocyte-specific gene required for early embryonic development. The gene is localised on the long
arm of pig chromosome 6 (SSC6q21-22), a region known to harbour several female reproduction
quantitative trait loci. Further experiments are required to evaluate if variation in the porcine
NALP5 gene is associated, in particular, with the litter size QTL. The porcine NALP5 gene could
be involved in the observed fetal development termination.
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1. Genome-wide Scanning for QTL 
1.1 QTL models and characterization 
For the preliminary QTL study presented here, we adopted only one or two models. The 
use of other models may aids in detecting additional QTLs that were not found previously. 
Moreover, it helps to further characterize present QTLs. For instance, using full model 
with additive effect, dominance effect and imprinting effect, we found a 1% genome-wise 
significant QTL on SSC15 that affects 24-h pH in meat with a partial imprinting effect, 
which could not be explained by PRKAG3 gene (in Chapter 3); my colleagues have then 
inferred that it showed maternal expression by testing the maternal-expression model 
against the Mendelian and paternal-expression model.  
In our studies, QTLs were mapped for individual traits by single trait analyses. Some 
QTLs for correlated traits (e.g. IMF and BFT, pH and glycolytic potential, ear size and 
erectness) overlapped which might result from pleiotropic effects of QTL or linkage 
disequlibrium between two or more QTLs. To distinguish the two types of effects, we 
will perform multi-trait analysis in the future.  
In addition, QTL alleles may be segregating within either or both founder breeds. If 
this is the case, the evidence of QTL segregation within parental breeds could be 
achieved by performing QTL analysis within each F1 sire or dam family having enough 
offspring. Validation of this characterization combined with haplotype comparison 
between segregating and non-segregating animals will enhance the effort of QTL fine-
mapping, as illustrated by our study on SSCX QTL for fatness (Chapter 6).   
1.2 QTL allele distribution pattern 
For all the currently investigated carcass, meat quality and ear traits (n=80), a large 
number of QTLs (n=253), half of which reached 5% genome-wise significant level, have 
been detected in the White Duroc × Chinese Erhualian resource population. For almost 
any single trait, at least one QTL was identified. These results reflect large genetic 
distance between the two founder breeds that show substantial phenotypic divergence 
from each other. White Duroc alleles at the majority of detected QTLs were favourable 
for carcass composition, while favorable QTL alleles for meat quality originated from 
both White Duroc and Erhualian. Such QTL allele distribution pattern in the two breeds 
is not only related to a founding effect but also influenced by their breeding history. For 
example, western commercial pig breeds had higher frequencies of muscle-favoring allele 
in IGF2 gene compared with Chinese indigenous pig breeds (Van Laere et al. 2003), 
although this favorable allele is believed to originate from the latter (Yang et al. 2006). 
This was attributed to the intensive selection in the commercial populations for growth 
and carcass traits after the gene introgression from Chinese breeds.  
Strong directional selection in domestic animals has led to selective sweeps in which 
alleles at loci that underlie selected traits have increased markedly in their frequency 
(Andersson & Georges 2004). This process leads to a loss of heterozygosity in the 
flanking region owing to ‘hitch-hiking’ as those observed for IGF2 gene and NR6A1 gene 
(underlying a QTL for vertebral number on SSC1) in pigs (Van Laere et al. 2003; 
Mikawa et al. 2007). Therefore, hitchhiking mapping with dense marker maps provides a 
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universal approach for identification of important mutations and signature of selective 
sweeps (Andersson & Georges 2004; Chen et al. 2007). The most ambitious goal of 
hitchhiking mapping is the identification of QTN that confers the selective advantage 
(Schlötterer 2003).  
Although there has been strong selection against carcass traits such as BFT, there are 
still cryptic alleles on SSC7 segregating in the commercial lines that increase BFT (de 
Koning et al. 1999). This phenomenon was also noticed by us for SSC7 QTL affecting 
carcass lengths (in Chapter 2), at which White Duroc allele decreased the trait. This 
finding illustrates one of the advantages of using Chinese × Western breed pedigrees for 
QTL studies.  
1.3 QTL effects and QTL intervals 
In the present study, most of QTLs accounted for 0.5-10% of phenotypic variance and the 
95% confidence intervals (CI) of them spanned 10-50 cM. However, the strongest QTL 
was identified for carcass length, head weight, ear weight and area at 57 cM on SSC7, 
which explained 40-60% of the phenotypic variance and had a CI of only 3 cM (in 
Chapters). Due to great effects of the SSC7 QTL, the phenotypic distribution for these 
traits in F2 population is mainly determined by this QTL genotype distribution (Figure 5, 
an example of head weight). Accordingly, we are confident that QTL genotype of some 
F1 and F2 (who further generated F3 at the JXAU) animals can be easily inferred from  
 
 
Figure 5 Phenotypic distributions for head weight of F2 pigs with different genotypes at the SSC7 QTL: (A) 
White Duroc (DuW) homozygous pigs; (B) heterozygous pigs; (C) Erhualian (Er) homozygous pigs. There 
were significant differences in the phenotypic means among the three genotypes (P < 0.001; performed 
GLM procedure of SPSS for pair-wise comparison) 
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the segregation of the phenotypes in their progenies, even with limited number. From this, 
we desire to discriminate QTL allele of some chromosomes with recombination in the 
QTL region and to subsequently refine the QTL location after precisely mapping 
crossover breakpoints of these chromosomes. 
In addition, we observed that some QTLs for color or pH play distinct role at specific 
stage, in specific muscles (LM and SM), or both. If these QTLs are not false positive 
cases, the information about specific genetic effect will be helpful to validation of 
candidate causal genes. IGF2 story is a typical example to illustrate this. The significant 
differences in IGF2 mRNA expression between genotypes in skeletal and cardiac muscle 
and the lack of significant differences in fetal muscle and postnatal liver are consistent 
with the previous data showing clear phenotypic effect of the target QTL on muscle 
growth and size of the heart but no effects on birth weight or weight of liver, which 
provided strong support for IGF2 being the causative gene (Van Laere et al. 2003). 
However, it should be noted that this information is not religious, because a QTL effect 
observed at a given age and/or tissue might be determined by gene expression at another 
age and/or in another tissue.  
Based on linkage analysis, coarse mapping is obtained because the method only 
utilized recombination events that occur between two generations. Fine mapping of 
complex traits (<1-5 cM) is difficult as it requires more recombination events to separate 
the genes that govern the quantitative trait from closely linked markers. Linkage 
disequilibrium analysis (LD) or IBD analysis is proposed in order to exploit information 
on historic recombination events. The combined linkage and LD analysis has proven to 
result in a mapping resolution accurate enough to narrow down the QTL confidence 
interval to a few cM (Meuwissen et al. 2002). Alternatively, production of backcross or 
advanced intercross lines that involve many recombination events occurring on the 
critical region is a successful strategy. For instance, Demeure et al. (2005) and Berg et al. 
(2006) used backcross to achieve the restricted intervals (<6 cM) of fatness QTLs on 
SSC7 and SSC4, respectively.  
Fine mapping might also require more sensitive phenotype procedures, in particular if 
there are several linked QTLs, because each individual QTL will probably have a smaller 
effect on the phenotype (Abiola et al. 2003). Jungerius et al. (2004) reported that in a 
cross between Meishan ×European Whites, the IGF2 mutation explain the entire QTL 
effect on BFT measured by ultrasound measurement, whereas the presence of a second 
minor QTL was suggested by QTL analyses for BFT measured by Hennessy grading 
probe. In our experiment, a precise way or different ways to measure a trait were taken, 
e.g. subjective score, Minolta machine and chemical analysis for determining the meat 
color. The QTL repeatly detected for different measures of the (presumably) same trait is 
higher reliable than that mapped for only one measure.   
1.4 Future prospects 
A key issue for quantitative trait nucleotide (QTN) identification is progressing from a 
large QTL peak, spanning perhaps 50 cM and many hundreds of genes, to a gene or 
nucleotide variant which is responsible for that QTL effect. The completion of the human 
genome project and the complementary genome projects for other species has broadened 
the scope for novel bioinformatic approaches to quantitative trait locus (QTL) 
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identification. As for pig, the genome sequencing work is underway and a high quality 
first-generation sequence draft is expected to be published by the end of 2009. This will 
increase the ability to align the pig and human maps and consequently to increase the 
chance to identify potential candidate genes. Moreover, when a QTL has been identified 
in pig and is also mapped in human or other species to the orthologous region, we can 
assume that the co-localized QTL share causal gene and hence narrow QTL to the region 
of overlap between the species by comparative genomic analysis (Dipetrillo et al. 2005). 
The principle of this analysis is illustrated in figure 6. 
Although the porcine genome sequencing project has not been accomplished, the pig 
SNP array is available commercially now. The SNP array could be used to fine map the 
QTL region of existing QTLs in our cross but also possibly identify new QTL in regions 
where our marker information was limited. This could reduce our intervals enough to be 
used for maker-assisted selection (MAS) in breeding. Furthermore, SNP array make it 
possible to perform genome-wide association studies (GWAS) that are now emerging as 
a powerful method for investigating the genetic basis of monogenic and complex traits in 
human and domestic animals (Nica & Dermitzakis 2008; Andersson 2009). Large 
collections of different tissues (such as liver, muscle, blood, etc.) from a large number of 
F2 individuals (400-1000) in our family were made. Combined with SNP genotyping data, 
this resource will give insight into the level of expression differences among F2 pigs and 
generate many additional expression QTLs (eQTLs) with more subtle effects, some of 
them potentially related to the investigated phenotypes and/or corresponding to the 
present QTL mapped by linkage analysis.  
Finally, the ever-increasing technological advancement supporting both expression 
and disease GWAS in humans or other species, calls for the development of proper 
statistical tools to combine the two directly (Nica & Dermitzakis 2008). With the new 
advent of systems biology, there is occurring a paradigm shift in the field of quantitative 
genetics. A Gene Network Model is now proposed to update the QTG model that 
includes the polygenic model and the major gene plus polygene mixed inheritance model 
(Zhu et al. 2009).  
 
Figure 6. Comparative genomics. The red box depicts a blood pressure QTL interval on mouse 
chromosome 15. The green and blue boxes depict corresponding blood pressure QTL in the homologous 
regions of the rat and human genome, respectively. Based on the assumption that the same causal gene 
underlies the QTL in all three species, comparative genomic analysis of this mouse QTL localizes the gene 
to the region of overlap between the three species, represented by the area between the dashed lines. 
(Figure adopted from Dipetrillo et al. 2005) 
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2. Estimation of Recombination Rates 
In Chapter 5, we have described the features of recombination rate variation between 
regions of SSCX. Recombination is often suppressed near centromeres and elevated near 
telomeres (Nachman et al. 2002). We observed a similar pattern on the SSCX. An 
unusual large recombination coldspot (~32 Mb with <0.4 cM) that extends from the 
centromere to Xq21 was seen in the European × Chinese crosses. Besides “centromere 
effect”, we hypothesize that the formation of the coldspot may be caused by sequence 
divergence occurring between European and Chinese pigs, as sequence mismatches tend 
to restrict recombination. For instance, a 3-nt sequence difference in the dimerization 
initiation signal (DIS) region between HIV-1 subtypes B and C result in lower (4 fold 
reduction) recombination rate of intersubtype B/C, compared with that of intrasubtype 
B/B or C/C (Chin et al. 2007). So estimation of the recombination rates over the coldspot 
in European and Chinese purebreds will be the first step to verify our hypothesis.  
Another reason for low recombination may be chromosome rearrangements. We noticed 
that the order of several markers (SW2476, SW259, SW1426 and SW1522) surrounding 
the coldspot on USDA-MARC genetic map is reverse to that on our genetic map and RH 
map (Figure 7). Reanalysis of USDA-MARC genetic data is necessary to make sure 
whether the reversal in marker order is true or false. To investigate chromosomal 
rearrangement, karyotype analysis, fluorescence in situ hybridization techniques (FISH) 
or comparative genomic hybridization to BAC arrays can be used (array CGH) (Cain et 
al. 2008).  
 
 
Figure 7  The order of 4 markers (in red)  on RH map and INRA & JXAU linkage map differs from that on 
USDA-MARC map. The region between SW259-SW1426 encompasses the identified recombination 
coldspot. 
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In addition, we also present the first evidence that there was significant variation in 
the recombination rate over a fine scale (the marker interval UMNP891-UMNP93 covers 
5 Mb) among F1 female pigs. Such investigation was previously performed only in males, 
based on sperm typing. However, this approach cannot be used to investigate female 
meiotic recombination, and it has precluded exploration of the sex chromosomes except 
for the pseudoautosomal region, as sires are hemizgous for the X chromosome. 
Furthermore, the present study reveals relationship between recombination variation and 
haplotype polymorphism. It is known that single-site polymorphisms can lead to variation 
in male hotspots (Jeffreys & Neumann 2005) and there are some hotspot-associated 
motifs, such as high GC contents (Groenen et al. 2009). Thus, further efforts are needed 
to clarify the precise sequence change that causes the recombination variation in pigs.  
There is a lot of interest in LD structure in animals, since it is used for mapping 
disease genes. Recombination creates a decay of LD between nucleotide sites. A region 
of historically high recombination will tend to show low levels of LD, and the opposite is 
true for region of low recombination (McVean et al. 2004; Coop & Prezworski 2007). 
Sandor et al. (2006) demonstrated that in cattle, the level of LD between microsatellite 
markers is higher on the X chromosome than on the autosomes. However, I think this is 
not necessarily true when to compare between average LD levels on the porcine X 
chromosome (SSCX) and autosomes, because the SSCX shows higher average 
recombination rate than autosomes. On the other hand, LD blocks on the SSCX are likely 
to differ markedly in size, due to dramatic variation of recombination rate along the 
chromosome.  
Amaral et al. (2008) observed that LD extended over smaller haploblocks in Chinese 
breeds vs. European breeds (10 kb vs. 400 kb) and hence suggested that Chinese pig 
breeds may be more useful for fine mapping QTL. Whether the extent of LD differs 
within pig breeds and how much are the differences remain unknown. Here, we found 
that the variability in recombination rate might be associated with different haplotypes of 
a breed. Coincidently, Ahmad et al. (2003) demonstrated that LD may vary within a 
genomic region in a haplotype-specific manner. Therefore, the aforementioned questions 
may be better resolved by comparison of LD between purebred pigs with different 
halotypes in a genomic region.  
With the recent advent of high-density genotyping platforms, it is now feasible to 
study fine-scale patterns of recombination (Coop et al. 2008). Therefore, the increasing 
availability of porcine genomic resources and the pig SNP array will enable us to build a 
high-resolution recombination map of the complete pig genome and to test the 
hypotheses about the relationships between sequence content and recombination rate and 
between recombination rate and the extent of LD.  
 
3. Study on SSCX QTLs 
3.1 QTL detection on the SSCX 
So far, a total of 159 QTLs have been mapped on the SSCX (PigQTLdb). In JXAU 
population (White Duroc × Erhualian), we have shown that the SSCX contains genome-
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wide significant QTLs not only for carcass composition, meat quality and ear traits (in 
Chapter 2, 3 and 4), but also for other traits, such as fatty acid composition, bone length, 
leg weakness, blood, maternal infanticide, male reproductive traits (Table 1). No QTL 
was found in this population to affect serum glucose and lipids (Chen et al. 2009b), 
hernias (Ding et al. 2009), age at puberty (Yang et al. 2008), teat number (Ding et al. 
2009), litter size and prenatal loss (Li et al. 2009), sperm quality and ejaculation (Xing et 
al. 2008), although other authors reported significant or suggestive QTL for teat number 
(Cepica et al. 2003) or inguinal hernia (Grindflek et al. 2006) on this chromosome.  
Most of the detected QTL, including those for fatness and muscling traits, were 
located between SW2456-SW1943 (48-66 cM on JXAU sex-average linkage map). Due to 
possible pleiotropic effects of genes on these traits, our research focusing on the fatness 
QTL may simultaneously benefit to reveal molecular basis of other QTLs. 
 
Table 1.  Additional genome-wide significant QTLs detected on SSCX using a White 
Duroc ×Erhualian F2 population.  
Reference Class Traits Position
1 
(cM) F-value 
Guo et al. 2009a Fatty acid composition Polyunsaturated fatty acid, PUFA  50 8,76** 
  Homolonolenic fatty acid, C20:3 51 10,09** 
  Ratio of PUFA to SFA, P/S 51 9,31** 
  Double bound index 52 11,90***
  Unsaturated index, UI 52 10,75***
  Palmitic fatty acid, C16:0 53 14,95***
  Saturated fatty acid, SFA 55 10,12***
     
Mao et al. 2008 Lengths of limb bones Scapula length, SL 50 11,4*** 
  Femur length, FL 51 10,3*** 
  Humerus length, HL 52 17,3*** 
  Ulna length, UL 52 11,5*** 
  Tibia length, TL 53 22,7*** 
     
Guo et al. 2009b Leg weakness and its 
related traits 
Length of biceps brachii muscle, BBL 62 9,01** 
  Weight of biceps brachii muscle, BBW 57 20,64***
     
Chen et al. 2009a   Maternal infanticide 27 1.00E-42 
   48 9.00E-4 
   71 9.00E-4 
     
Zou et al. 2008 Blood traits Mean corpuscular hemoglobin of 46d, 
MCH 
52 14,5*** 
  Mean corpuscular volume of 46d, MCV 53 18,5*** 
Yang et al. 2009  Platelet distribution width, PDW 52 11,13***
     
Ren et al. 2009 Male reproductive traits Testicular weight of 90d 56 40,76***
  Seminiferous tubular diameter of 90d 56 14,93***
** 5% genome-wide significance; ***1% genome-wide significance 
 1QTL positions were taken on sex-average linkage map  
2 P-value 
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3.2 Challenges and opportunities 
A set of specific features of sex chromosomes makes the precise estimation of the 
(fatness) QTL position on SSCX particularly difficult. First, there is a dosage 
compensation phenomenon and a limited homology between X and Y chromosomes, 
which poses special statistical challenges for SSCX QTL analysis (Pérez-Enciso et al. 
2002). The dosage compensation phenomenon consists of the random inactivation of one 
of the two female X chromosome in different cell lineages. This results in female 
mosaicism (the presence of two populations of cells with different expressed genotypes in 
one individual) that influences phenotype. Furthermore, X chromosome inactivation (XCI) 
was not all-or none for every gene (Lyon 2005). Only 65% of genes were fully silenced, 
and were thus expressed in the expected one dose only. About 15% escaped XCI 
completely, and so were expressed in two doses. The last 20% were inactivated in some 
but not all samples, and thus were expressed in either one or two doses in different 
samples. Genes without Y chromosome homologues that escape XCI will have unequal 
dosages of their gene products in males and females. This could underlie some of the 
phenotypic differences between normal males and females. Genes with variable escape 
from XCI are also likely to underlie previously unexplained variation among females, 
either normal females or those heterozygous for X-linked disease genes. In the latter case, 
in addition to variation in the percent of cells having the mutant X chromosome inactive, 
there will also be variation in the proportion of those cells in which the mutant gene is 
silenced. Because QTL mapping software taking into account the dosage compensation 
are not available, most studies have adopted a regression based approach analyzing males 
and females separately, which decreases the power for QTL detection. Recently, Pérez-
Enciso et al. (2002) have developed a software combining a mixed model methodology 
and a maximum likelihood approach, which can model the dosage compensation in a 
QTL analysis.  
Second, the QTL region between SW2456-SW1943 contained both a large 
recombination coldspot and sub-regions showing recombination rate heterogeneity 
among F1 dam families. Low recombination rates may cause multiple independent 
genetic factors contributing to a trait to resemble a single QTL of large effect, thus 
identifying the causal mutations is unlikely to be achieved through association studies 
alone (Nachman 2002). Meanwhile, the linkage heterogeneity among F1 dam families in 
a region may lead to a bias of QTL location because the heterogeneity region had no truly 
common genetic distance for these families.  
  On the other hand, the study on SSCX QTL for fatness may benefit from other 
practicalities or facts. First, because there is a single copy of the X chromosome in males, 
it is easy to determine haplotypes (Pedigree information is not necessary) and to perform 
the haplotype-based association analysis using many unrelated males of different breeds. 
Second, except the recombination coldspot nearby the centromere, other SSCX regions 
tend to have high recombination rate and various haplotypes between and within breeds. 
Therefore, if we can ensure that QTL is outside of the coldspot, the possibility of 
identification of causal mutation will greatly increase. Third, the human X chromosomes 
has relative low gene density (7.1 genes per Mb) and low gene length (Ross et al. 2005). 
This limited number of genes can be found within QTL interval (if outside the 
recombination coldspot), which will facilitate rapid scan of candidate causal genes or 
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mutations. Fourth, regions of mouse and human X chromosomes were reported to be 
associated with obesity, including the region homologous to the pig Xp11-q24 that 
contains the fatness QTL under investigation (Figure 8). Although the overlap between 
the homologous QTL regions of three species is still broad now and there is a risk to 
hypothesize the same causal gene underlying their QTLs, any advance in the QTL or 
candidate gene research in either species may enhance such work carried out in the other 
two species or could be regarded as a complementary information between them. Finally, 
transgenic techniques and gene-specific mutagenesis procedure are becoming easier and 
more suitable for testing candidate QTG or QTN. These techniques may conquer the 
bottleneck of association studies or traditional fine-mapping approaches that relay on 
recombination in a QTL region.  
 
Figure 8  Comparison of X-linked loci controlling obesity related traits in mouse, human and pig. (A) 
Mouse QTL for body fat (fat weight and fat percentage; indicated by triangle) and body weight (indicated 
by circle). Wuschke et al. (2007) demonstrated that three distinct consensus QTL regions on mouse X 
chromosome with highly significant LOD scores control body fat. The three regions include: I, 26.7-53.5 
Mb; II, 80.3-107.0 Mb; III, 107.0-133.8 Mb. (B) The comparative map between mouse and human X 
chromosome. There is very high level of synteny between the porcine and human X chromosome. The 
mouse region III is homologous to human (and porcine) Xp11.3-q24 region which also contains QTL for 
obesity traits. (Figure a adapted from http://193.175.234.87/QTL/info.php?chr=X; Figure b adapted from 
http://www.ensembl.org/Mus_musculus/Location/Synteny?r=X and they have been modified) 
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3.3 Future prospects 
In this study (Chapter 6), we found that QTLs for BFT and HW were segregating within 
Meishan breeds. The major part (~30 Mb) of recombination coldspot was excluded as a 
candidate region affecting BFT and HW through the haplotype comparison between 
INRA F1 dams with and without QTL segregation. Note that the three “non-segregating” 
F1 dams (17M10910013/18/97) all had small offspring size, which might result in a low 
power for QTL analyses. To verify that the shared Meishan haplotype really did represent 
the same QTL allele “q” as Large White haplotype did, we would better test the 
phenotype distribution within a family of F1 sire carrying this Meishan haplotype. F2 
animals of each sex can be grouped into two clusters according to their alternative 
maternal haplotype. As shown in Figure 9, the different distribution pattern of F2 females 
between the two clusters (XQXQ vs. XqXq, or XqXQ vs. XqXq) depends on whether their 
paternal (Meishan) haplotype is a “Q” or a “q” allele. Fortunately, both F2 males and 
females were phenotyped for BFT at 22 weeks in the INRA experiment, which allows us 
to perform this analysis. For JXAU population, we also can carry out the QTL analysis in 
different groups of combined dam families and the analysis of phenotype distribution in 
individual sire family to increase the QTL detectance on diverse haplotypes of Erhualian 
and White Duroc. Consequently, comparison of these haplotypes across breeds and 
within breeds may provide further refinement of QTL interval.   
 
 
Figure 9  The phenotype distribution of F2 animals within a sire family. 
  
Only a small region of 2-3 Mb (between SW259 and MCSE3F14) within the coldspot 
has not been excluded from the candidate region. While this “uncertain” region could be 
reduced if additional markers inside are genotyped. Indeed, with the faster and low-cost 
sequencing techniques available today, we are able to sequence entire QTL regions of a 
selected number of informative individuals to identify, if not the causative genetic 
variation, the shortest haplotype shared by individuals carrying the same QTL allele.  
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Due to the present result suggesting that QTL for BFT and HW are more likely 
located outside the coldspot than within it, generating a backcross may be a useful way to 
further decrease QTL interval. Even if the target QTL locate in the coldspot, backcross 
can still be used to evidence it (but has no chance to decrease the QTL interval). However, 
applying this approach to fine mapping QTL is less efficient for chromosome X than for 
autosomals, because two-step instead of one-step backcross is required before QTL 
analysis is available (Figure 10). Firstly, a boar carrying recombinant X chromosome is 
selected to mate pure commercial sows in order to generate gilts (n > 20). Then, these 
gilts will mate pure a commercial boar. The resulting backcross animals of the second 
generation will be used for QTL analysis.   
 
 
Figure 10  The scheme of backcross for fine mapping SSCX QTL. XR1: An original X chromosome.with 
MS×LW recombination in a QTL region.  
 
The two SNPs (g.280G>A and g.359A>C) in the intron 3 of ACSL4 gene are not 
causal mutations, because segregating and non-segregating F1 sows shared the same SNP 
genotypes. However, this gene is still located in the refined interval for the BFT QTL. 
We cannot rule out possible effects of other ACSL4 polymorphisms on the phenotype.  
Subsequent resequencing of the full sequence of this gene will be necessary to reveal all 
mutations and to identify whether there is a mutation whose allelic distribution is 
concordant to the QTL genotype distribution in F1 animals.  
Additional candidate gene SERPINA7 and IRS4 are located within refined QTL 
interval between marker UMNP1218 and ACSL4 gene. Ponsuksili et al. (2005) reported 
that the transcript level of SERPINA7 in liver was significantly different between obese 
and lean pigs, and revealed a sense mutation (N299H). My colleagues in China identified 
that SERPINA7 is strongly expressed in liver compared with other tissues, and that IRS4 
is specifically expressed in pituitary and hypothalamus. Two sense mutations in IRS4 
were also detected (non-published result). Whether differential expression and/or these 
mutations are responsible for the observed effect remains to be clarified.  
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The Chinese Meishan pig is often used in breeding programs in order to take 
advantage of its prolificacy; while during the process, how to avoid the disadvantages of 
its excessive fatness and low growth rate have to be considered. The segregation of SSCX 
QTL for BFT and HW within Meishan breed provides an opportunity for us to make 
effective use of Meishan X chromosome in crosses and to increase the frequency of the 
favorable alleles in the purebred by maker assisted selection. Moreover, revealing the 
molecular mechanisms of the BFT QTL may benefit the genetic research of human 
obesity in the future. 
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University; and Laboratorie de Génétique Cellulaire ; 
INRA, France 
 
July 2003 - Dec. 2006 Lecturer in Animal Genetics and Breeding Faculty of 
Animal Science and Veterinary Technology, Jiangxi 
Agricultural University, Nanchang, P. R. China 
 
Sep. 2000 - June 2003 Postgraduate student for Master of Science degree  
Major: Animal Genetics and Breeding  
Faculty of Animal Science and Technology, Jiangxi 
Agricultural University, Nanchang, P. R. China 
 
Sep 1996 - June 2000  Undergraduate student for Bachelor of Science degree  
Major: Animal Science and Technology  
Faculty of Animal Science and Technology, Jiangxi 
Agricultural University, Nanchang, P. R. China 
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